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Reducing fabrication and operation costs while maintaining high performance is a 
major consideration for the design of a new generation of solid-state ionic devices, such as 
fuel cells, batteries and sensors. One of the key issues is to enhance mass and charge 
transport throughy porous electrodes, improve electrode/electrolyte interfacial conditions, 
thus facilitate reaction kinetics and improve electrochemical/catalytic properties of the 
system. In addition to searching for new materials, developing new fabrication approaches 
and creating novel microstructures are effective methodologies to achieve this goal. 
The objective of this research is to fabricate nanostructured materials for energy 
storage and conversion applications, particularly porous electrodes with nanostructured 
features for solid oxide fuel cells (SOFCs) and high surface area films with desired 
crystallographic structures for gas sensing using combustion CVD process. The extremely 
large surface area combined with optimum pathway for mass and charge transport will 
greatly facilitate electrochemical kinetics. High fabrication temperature ensures the formation 
of desired crystallographic structures and improves interfacial bonding, while relatively short 
period of time required for combustion CVD process alleviates tendency of deleterious 
electrode/electrolyte boundary phases, which are normally present in systems fabricated by 
conventional firing approach. 
Four most important deposition parameters are evaluated in this study: deposition 
temperature, deposition time, precursor concentration, and substrate. Deposition temperature 
has a significant influence on electrode microstructure (grain size, porosity, and pore size). 








microstructure but determine the electrode thickness. The nature of the substrate has no 
observable effect on microstructure but dramatically influences the interfacial polarization 
resistance.  The optimum combination of deposition parameters for Sm0.5Sr0.5CoO3 (SSC)-
Sm0.1CeO2 (SDC) cathodes on Gd0.1Ce0.9O2 (GDC) substrates is found to be a deposition of 5 
to 10 minutes using a 0.05 M solution and a deposition temperature of 1200 −1300°C. 
With the optimum deposition parameters, highly porous and nano-structured electrodes 
for low-temperature SOFCs have been fabricated using a combustion CVD process. The 
electrodes fabricated consist of nano-grains of about 50 nm, exhibiting extremely high 
surface area and remarkably low polarization resistances. XRD patterns confirmed the 
formation of desired crystalline phases for as-prepared NiO-SDC anodes and SSC-SDC 
cathodes. It is evident that combustion CVD is a highly effective approach to fabrication of 
high-performance electrodes for low-temperature SOFCs, producing the lowest interfacial 
polarization resistances (1.09 Ω cm2 at 500°C, and 0.17 Ω cm2 at 600°C) ever reported for 
the cathode materials. Anode supported cell with a 20 µm thick electrolyte demonstrated a 
power density of 375 mW/cm2 at 600°C. Little deterioration in either microstructure or 
performance was observed after 172 hours of operation.  
Further, nanostructured and functionally graded La0.8Sr0.2MnO2 (LSM)-La0.8SrCoO3 
(LSC)-GDC composite cathodes are fabricated on 240 µm thick YSZ electrolyte supports 
using a combustion CVD method. The fabricated cathodes were graded in both composition 
and structure with higher strontium-doped lanthanum manganite (LSM) content and finer 
primary grain size at electrolyte side while higher strontium doped lanthanum cobaltite 
(LSC) content and coarser primary grain size at air/oxygen side. Extremely low interfacial 








481 mW/cm2 at 800°C) were generated over the operating temperature range of 
600°C−850°C. 
The original combustion CVD process is modified for fabrication of porous electrodes 
for solid oxide fuel cells. GDC particles suspended in an SSC−ethanol solution were burned 
in a combustion flame, depositing a porous cathode on an anode supported GDC electrolyte. 
Extremely small interfacial polarization resistances were obtained, especially at low 
temperatures such as 450°C (1.06 Ωcm2) and 500°C (0.45 Ωcm2). A peak power density of 
385 mW/cm2 was achieved at 600°C. Finally, all parts of the composite electrodes are 
introduced in the form of solid ceramic particles, which are suspended in a flammable liquid 
carrier, and fed to the atomizer. The high velocity flame provides the energy needed for 
collision and sintering of the contained solid particles to produce porous electrodes. The 
demonstrated fast deposition rates (i.e. 40 µm in 10 min) and the elimination of post-
deposition firing make this process practically valuable. The performance of the porous 
SOFC electrodes fabricated by the modified process is equal or better than those prepared by 
the conventional techniques, especially at low operating temperatures. 
We have demonstrated a new, simple route for preparing highly porous ceramic 
monoliths through the removal of metal oxide (SnO2) during high temperature sintering. 
Unlike the existing strategies, the new method requires neither time consuming chemical 
leaching nor following-up gas reduction procedures. The most critical step for our new 
approach is the preparation of intimately distributed 40vol.%SnO2-60vol.%CeO2 composite 
nanopowder using combustion CVD. This method provides a simple way to introduce 
additional porosity into ceramic materials, and can be directly incorporated into ceramic 








Composite nanopowder (20wt%SnO2-50wt%NiO-30wt%GDC) was prepared using 
combustion CVD from a single precursor source. Bilayer SOFC anodes differing in porosity 
were fabricated by co-pressing of NiO-GDC powders and SnO2-NiO-GDC composite 
nanopowder. An anode supported SOFC with bilayer anode was constructed and tested for 
electrochemical performance. Porosity variation in the anodes was achieved by the removal 
of SnO2 phase during sintering and cell testing. Interfacial resistances of the bilayer anode 
cell were 1.20, 0.49, 0.22, and 0.1 Ωcm2 at 500, 550, 600, and 650°C respectively. Peak 
output power densities measured at the corresponding temperatures were 171, 301, 441, and 
544 mW/cm2, respectively. 
Highly porous and nanostructured SnO2 thin film gas sensors with Pt interdigitated 
electrodes have been fabricated via a combustion CVD process. The SnO2 films were less 
than 1 µm thick and consisted of nanocrystallines smaller than 30 nm. The as-prepared SnO2 
gas sensors have been tested for ethanol vapor sensing behavior in the temperature range of 
200−500°C. At 300°C the sensitivity to 500 ppm ethanol vapor was 1075 while the 
corresponding response time and recovery time were 31 and 8 seconds, respectively. The 
corresponding low detection limit was found to be below 1 ppm. 
Several novel nanostrucutres, such as SnO2 nanotubes with square-shaped or 
rectangular cross sections, well-aligned ZnO nanorods, and two-dimensional ZnO flakes, are 
synthesized using combustion CVD process. Solid state gas sensors based on single piece of 
these nanostructures have demonstrated superior gas sensing performances. The new 
nanostructure has significant scientific and technological implications. The curiosity that 
these nanostructures grew into particular morphologies (e.g. square or rectangular shape 








into the crystallization behavior of these materials during vapor phase deposition. These size-
tunable nanostructures could be the building blocks of or a template for fabrication of 
functional devices.  
In summary, this research aims to produce significant impact on concept and 
fabrication technology of solid-state ionic devices, as well as on fundamental understanding 










CHAPTER I INTRODUCTION 
 
The expanding economy of the world relies on the continued availability of reliable and 
affordable energy sources. Fossil fuels, coal, oil and natural gas, currently provide more than 
85% of all the energy consumed in the United States, nearly two-thirds of our electricity, and 
virtually all of our transportation fuels. However, the fossil fuel supply will be exhausted in 
the next few decades as a result of the increasing demand from our economy. Alternative and 
renewable energy source must be secured to ensure the continuous development of our 
society. Aggressive exploration and deployment of new energy storage and conversion 
technologies is being conducted all over the world. Some of the examples are nuclear energy, 
wind power, solar cells, and fuel cells. 
Solid oxide fuel cell (SOFC) is regarded as a promising power generation technology 
due to its highest energy conversion efficiency and lowest emission. It uses hydrogen (also 
hydrocarbon fuels) as fuel and oxygen as oxidant. The overall efficiency could be as high as 
80% whilst the emission is almost zero since the only material by-product is water. The 
ceramic nature of all the components gives SOFC substantial advantage over other types of 
fuel cells and batteries in terms of fabrication, transport, and operation. In recent years, many 
new materials and fabrication techniques have been developed to improve the performance 
and lower the costs of SOFCs. 
Conventional SOFCs operate over the temperature range of 800-1000°C. Though the 
high operating temperature promotes reaction and transport kinetics, it also puts dramatic 
challenges on material selection. Reduction of the operating temperature of SOFCs is 








temperatures. For example, inexpensive stainless steels could be used as interconnect 
materials to replace the high Cr-content ceramics if the operating temperature of the SOFCs 
is reduced to below 700°C. Also, sealing, a notorious problem for high temperature SOFCs, 
will not be an important issue. However, as the operating temperature is reduced, other issues 
such as lagged kinetics arise. 
It has been demonstrated that the performances of the SOFCs at reduced operating 
temperatures are primarily limited by the properties of the electrode-electrolyte interfaces. 
The effective approach to radically improving interface characteristics and properties is to 
develop and employ mesoporous electrodes and nanostructured interfaces. The advantages 
offered by these structures for fuel cells include (i) dramatically-increased active surface 
areas (or surface-to-volume ratio) for fast electrode kinetics; (ii) significantly-increased 
population of defects at surfaces/interfaces and shorter diffusion lengths in the solid state for 
rapid transport of charge and mass; and (iii) increased flexibility in surface modification for 
chemically-selective catalysis. It is thus anticipated that functionally graded mixed ionic and 
electronic conducting (MIEC) electrodes and nanostructured interfaces will have 
extraordinary electrochemical behavior and will dramatically enhance the performance of 
batteries and fuel cells.  
Combustion CVD is a relative new approach for film deposition. It uses a flammable 
solvent (e.g. ethanol and toluene) to carrier metal precursors. The solution is atomized by a 
specially designed nozzle and combusted with the help of fuel/oxidant gases. The high 
temperature in the combustion flame provides the thermal environment for precursor 








auxiliary heating source is required for combustion CVD. This simple approach has been 
used to produce many kinds of high quality thin dense films and nanopowders. 
Combustion CVD has the potential to produce porous ceramic films which have the 
morphology in between dense films and individual particles. The desire of this research is to 
adopt combustion CVD to fabrication of highly porous ceramic films for solid oxide fuel 
cells. Porous films fabricated by combustion CVD can also be used for other related solid 
state electrochemical applications such as batteries and gas sensors. 
The first step of this research is to study the correlation between processing conditions, 
microstructure, and the performance of the films. Once the optimum combination of 
deposition parameters is determined for the material, the porous film is fabricated as 
electrodes and subjected to fuel cell performance tests. Eventually, it may become reality that 
different microstructures (e.g. particle size, porosity, and composition) are “designed” using 
combustion CVD. Success in fabrication of these novel microstructures would exert great 













2.1 Solid Oxide Fuel Cell (SOFC) Technology 
 
A solid oxide fuel cell (SOFC) is an energy conversion device, producing electricity 
from fuel gases (hydrogen or hydrocarbon gases) and oxygen through electrochemical 
reactions. Working in the same principal as a regular battery, a single SOFC has a three-layer 
structure: a dense electrolyte is sandwiched between two porous electrodes, an anode and a 
cathode. During the operation, oxygen is reduced at the cathode and hydrogen undergoes an 
oxidization reaction at the anode. The resulting ions (usually oxygen) diffuse through the 
dense electrolyte and then combine with hydrogen, producing water. Meanwhile electrons 
pass through the external circuit, providing electricity. In a SOFC stack, multiple cells are 
connected in series to generate higher voltage and power output via interconnects. 
Traditional high-temperature SOFCs, which usually employ a yttria-stabilized zirconia 
(YSZ) electrolyte, a LSM cathode and a nickel-YSZ cermet anode, operate at the temperature 
range of 800°C−1000°C. The biggest difference between SOFCs and batteries is that all the 
components of SOFCs are solid ceramic phases, which gives them great advantages in 
fabrication, operation, and storage. Despite being first demonstrated over 100 years ago, it is 
only in the last two decades that SOFC technology has received tremendous attention and 










2.1.1 Advantages of Solid Oxide Fuel Cells 
SOFCs are a radically different way of making electrical power from a variety of fuels. 
In addition to high conversion efficiency, SOFCs have the characteristics of environmental 
compatibility, modularity, siting flexibility, and multifuel capability. 
(a) High conversion efficiency: The primary advantage of an SOFC is its high fuel-to-
electricity conversion efficiency (45 to 60%). An SOFC converts the chemical 
energy of fuel directly into electrical energy. Thus the usual losses involved in the 
conversion of fuel to heat, to mechanical energy, and then to electrical energy are 
avoided. The efficiency of an SOFC is further improved up to 80% when the 
byproduct heat is fully utilized. 
(b) Environmental compatibility: SOFCs are capable of using practical fuels as an 
energy source with insignificant environmental impact. Emissions of key pollutants 
from fuel cells are several orders of magnitude lower than those produced by 
conventional power generators. Production of undesirable materials such as NOx, 
SOx, and particulates is either negligible or undetectable for fuel cell systems. 
(c) Modularity: Cell size can be easily increased or decreased. Since the efficiency of a 
fuel cell is relatively independent of size, SOFCs can be designed to follow loads 
with fast response times without significant efficiency loss at part-load operation. 
(d) Siting flexibility: Since SOFCs can be made in a variety of sizes, they can be placed 
at various locations with minimum siting restrictions. SOFCs operation is quiet 









(e) Multifuel capability: SOFCs, particularly high-temperature fuel cells, can process 
(reform) hydrocarbon fuels internally and do not need expensive subsystems to 
process conventional fuels into simple forms. 
 
2.1.2 Cell Configuration 
A schematic of an SOFC is shown in Figure 2-1. A single cell consists of three major 






























Figure 2-1 A schematic of a solid oxide fuel cell 
 
 
At the anode, a fuel such as hydrogen, natural gas, or hydrocarbons, is oxidized into 







formed on either anode or cathode side depending upon the electrolyte, either a proton or 
oxygen ion conductor. In most cases for SOFC, the electrolyte is an oxygen ion conducting 
material (as illustrated in Figure 2-1) and an electronic insulator. Oxygen ions migrate 
through the dense ceramic electrolyte membrane, while electrons generated at anode travel 
along an external circuit delivering electric power. 
 
Anode reaction: '22 2eVOHOH OO ++↔+
••×
                         Equation 2-1 
 
Cathode reaction:     ×•• ↔++ OO OeVO 242
'
2
                           Equation 2-2 
 
Overall reaction:  H2 + ½ O2 = H2O + ∆E                       Equation 2-3 
 












RTE =                                                           Equation 2-4 
 
where R is the gas constant, T the temperature, F the Faraday constant, and  the 
partial pressure of oxygen at the electrode ((c) cathode and (a) anode). 
2O
P
For a certain oxygen partial pressure at the cathode, the magnitude of Er depends on the 
anode oxygen partial pressure, thus on the type and composition of the fuel fed to the anode. 









CO(a) + ½ O2(a) = CO2(a)                                         Equation 2-5 
 






















O                                               Equation 2-6 
 




















RTEE ++=                                Equation 2-7 
 






0 =                                              Equation 2-8 
Similar equations can be obtained when other gases are used as the fuel. For example, 




















RTEE ++=          Equation 2-9 
 








Unlike other types of fuel cell such as alkaline fuel cells (AFC), phosphoric acid fuel 
cells (PAFC) and polymer electrolyte membrane (PEM) fuel cells, which use liquid or 
polymer membranes electrolytes, SOFCs employ solid ceramic films as electrolyte materials 
and require operation at elevated temperatures, typically 750-1000ºC. 
 
 
Table 2-1 Nernst potentials of several reactions 
 
Reaction T, K E0, V 


















From geometric point of view, SOFC single cell can be classified into two broad 
categories: tubular cell and planar cell. Tubular cells have the advantage of easy sealing 
while planar cells are easy to fabricate and handle. From fabrication consideration, SOFC can 








supported, interconnect-supported, and porous substrate-supported. The major characteristics 
of different cell configurations are summarized in Table 2-2.[1] 
 
Table 2-2 Characteristics of single cell configurations 
Cell configuration Advantage Disadvantage 
Self-supporting   
Electrolyte-supported Relatively strong structural 
support dense electrolyte; Less 
susceptible to failure due to 
anode reoxidation and cathode 
reduction 
Higher resistance due to low 
electrolyte conductivity; Higher 
operating temperatures required 
to minimize electrolyte ohmic 
losses 
Anode-supported Highly conductive anode; 
Lower operating temperature 
via use of thin electrolytes 
Potential anode reoxidation; 
Mass transport limitation due to 
thick anodes 
Cathode-supported No oxidation issues but 
potential cathode reduction; 
Lower operating temperature 
via use of thin electrolyte 
Lower conductivity; Mass 
transport limitation due to thick 
cathodes 
External-supported   
Interconnect-
supported 
Thin cell components for 
lower operating temperature; 
Strong structures from 
Interconnect oxidation; 
Flowfield design limitation due 








Table 2-2 Characteristics of single cell configurations (continued) 
 metallic interconnects  
Porous substrate Thin cell components for 
lower operating temperature; 
Potential for use of non-cell 
material for support to improve 
properties 
Increased complexity due to 
addition of new materials; 
Potential electrical shorts with 






On the stack level, generally four designs have been proposed for SOFCs: the 
segmented-cell-in-series design, the tubular design, the monolithic design, and the planar 
design. 
(a) Segmented-cell-in-series design: the design consists of segmented cells connected in 
electrical and gas flow series. The cells are either arranged as a thin banded structure 
on a porous support or fitted one into the other to form a tubular self-supporting 
structure (electrolyte supported). 
(b) Tubular design: in this design, the cell is configured as a tube, and a stack consists 
of a bundle of single cell tubes. In the most common tubular design, the tube is 
made of cathode material (cathode supported) and closed at one end. Electrolyte and 








(c) Monolithic design: the design consists of cell components formed into a corrugated 
structure of either gas coflow or crossflow configurations. The cell is commonly 
based on electrolyte support. 
(d) Planar design: the single cell is configured as flat plates which are connected in 
electrical series. Common plate shapes are rectangular or circular. 
At present, tubular and planar designs are the most common designs. Siemens 
Westinghouse has pioneered in tubular cell fabrication. As shown in Figure 2-2, the cell 
components are deposited in the form of thin layers on an extruded and sintered tube made of 
cathode material (e.g. doped lanthanum manganite).[2] YSZ electrolyte is deposited by 
electrochemical vapor deposition.[3] The Ni/YSZ anode is deposited by slurry coating and 
followed by sintering. Finally, the doped lanthanum chromite interconnection strip along the 
length of the cell is deposited by plasma spraying.[4] Such tubular cells have a power density 
at 1000°C of abut 0.25-0.3 W/cm2. These low power densities make tubular SOFCs suitable 
only for stationary power generation and not very attractive for transportation applications.[5] 
Planar SOFCs, in contrast, are capable of achieving very high power densities of up to 
about 2 W/cm2. In the planar design as illustrated in Figure 2-3, the cell components are 
configured as thin, flat plates. The interconnection, which is ribbed on both sides, forms gas 
flow channels and serves as a bipolar gas separator contacting the anode and the cathode of 
adjoining cells. The cells can be fabricated by low-cost conventional ceramic processing 
techniques such as tape casting, slurry sintering, screen-printing, or by plasma spraying. 
Planar cells are more versatile in cell design since electrolyte-supported, cathode-supported, 
and anode-supported cell configurations can all be considered. Major problems associating 








the thermal mismatch between ceramic components, which has led to cracking during 















2.1.3 Materials for SOFC Components 
At present, the most common materials for SOFCs are oxygen ion conducting yttria-
stabilized zirconia (YSZ) for electrolyte, strontium-doped lanthanum manganite (LSM) for 
the cathode, nickel/YSZ for the anode, and doped lanthanum chromite or high-temperature 
metals for the interconnect. 
The requirements for the various cell components are summarized in  
Table 2-3. Other general desirable properties for the cell components include high 







Table 2-3 Requirements for solid oxide fuel cell components 
Component Electrolyte Cathode Anode Interconnect 













Stability Chemical, phase, 
morphological, 
and dimensional 
















stability in fuel and 
oxidant 
environments 

















































The development of cathode materials in SOFCs has mainly focused on the doped 
lanthanum manganite system because this material remains stable in oxidizing atmospheres, 
has sufficient electrical conductivity at 1000°C, and has a close thermal expansion match to 
the YSZ electrolyte. The most common dopant used is strontium due to its good size match 
to lanthanum. The strontium dopant does not increase the oxygen vacancy concentration, a 
common phenomenon in most of the other perovskite cathode materials, but rather oxidizes 




LaMnO OMnSrSrO 2'2 3 ++⎯⎯ →←
•                             Equation 2-10 
 
This reaction effectively increases the electron-hole concentration and improves the 
electrical conductivity. However, the absence of oxygen vacancies in LSM restricts the 
reduction of oxygen to the three-phase boundary regions. This restriction is the primary 
reason why LSM does not have acceptable performance at lower temperatures. Two 
approaches have been taken to improve the performance of LSM cathodes so that they may 
be used at lower temperatures. The first is to add a second ionically conducting phase to 
LSM to extend the surface area over which the oxygen reduction reaction can occur. Several 
groups are showing very good performances using LSM-YSZ[6, 7] or LSM-GDC[8] composite 
cathodes. The second approach is to dope LSM with an ion that promotes the formation of 
oxygen vacancies when strontium is doped on the A-site. 
While these approaches appear to improve the performance of LSM, it is unlikely that 








investigated such as La0.8Sr0.2CoO3, LaxSr1-xTiO3,[9] La1-xSrCuO2.5-δ,[10] LaxSr2-xFeO4+δ,[11] 
La0.8Sr0.2Co0.8Fe0.2O3,[12, 13] La1-xSrxAlyFe1-yO3,[14] Ln1-xSrxCo1-yFeyO3-δ (Ln=Pr, Nd, Gd; 




In the SOFC, the fuel arriving at the anode is generally reducing in nature. Thus the 
criteria for anode materials are: 
(a) Chemically stable in reducing atmosphere 
(b) Catalytically active to hydrogen and hydrocarbon gases 
(c) Both electronically and ionically conductive 
(d) Compatible with electrolyte materials in thermal expansion coefficients 
Metals such as Ni, Co, and noble metals are good choices since they have excellent 
electrical conductivities in reducing atmosphere. Among them, Ni and Cu are the most 
popular ones because of their relatively low costs. 
Usually metals/metal oxides are mixed with electrolyte materials (e.g. YSZ, GDC) for 
anode application. It has been generally recognized that composites function better than pure 
metal/metal oxides.[8, 19, 20] Within the composites, the metals offer electronic conductivities 
while electrolyte materials give ionic conductivities. Thus the composites function as mixed-
conductors. In this way, the triple-phase-boundary (TPB) is extended into bulk of the anode 
materials. In addition, the thermal expansion coefficients of metals are appreciably different 
to those of electrolyte materials. By including electrolyte materials into anodes, the TEC 








sintering and cell operation. The addition of electrolyte materials is effective to prohibit the 
agglomeration. 
Some ceramic materials have been evaluated for SOFC anodes, such as yttrium-doped 
SrTiO3,[21] ZrO2-Y2O3-TiO2 system.[22] 
 
Electrolytes 
With the advancements in fabrication technology, the overall performance of SOFCs is 
eventually limited by the conductivity of the electrolyte materials. Ideally, an electrolyte is an 
ionic conductor and an electronic insulator. SOFC electrolytes conduct only oxygen ions and 
remain electronic insulators under operating conditions. SOFC electrolytes work in the most 
stringent environment: hydrogen or hydrocarbons on the anode side, oxygen on the cathode 
side, and also high temperatures. The general criteria for the quality of a solid electrolyte 
material to be used in an SOFC are: 
(a) Ease of fabrication into a mechanically strong dense membrane of small thickness 
and large area to minimize bulk resistance. 
(b) An oxide-ion conductivity σ0 > 10-2 S/cm at the cell operating temperature. 
(c) Excellent chemical and mechanical compatibility with electrodes to avoid formation 
of blocking interface phases and minimize interfacial resistances. 
(d) A negligible electronic conductivity at cell operating temperature to retain a 
transport number close to 1. 
(e) Compatibility of thermal-expansion coefficients between electrolyte, electrodes, 
interconnects, and seals from ambient temperature and cell operating temperature. 








Though many new SOFC fabrication techniques have been developed in the last 
decade, electrolyte materials still remain unchanged. There are only a few ionic conductors 
available for SOFC electrolyte application. 
 
Stabilized zirconia 
High temperature zirconia (ZrO2) has a cubic fluorite structure of Figure 2-4. On 
cooling from its melting point (2680ºC), it transforms to a tetragonal form at 2370ºC and 
then to a monoclinic form at 1170ºC. The high-temperature structure can be stabilized to 
room temperature by substitution of larger cations of lower valence (e.g., Zr1-xCaxO2-x or Zr1-
xYxO2-0.5x) for Zr4+, which also introduces oxygen vacancies on the normal sites and therefore 
oxygen ion conductivity. The amount of dopant required to fully stabilize the cubic structure 
is about 12-13mol% for CaO, 8-9 mol% for Y2O3 and Sc2O3, and 8-12 mol% for other rare-
earth oxides.[23] 
×•• ++⎯⎯ →← OOZr

















CeO2 has a higher ionic conductivity than ZrO2. However, in the reducing atmosphere, 
CeO2 is not stable and is reduced to CeO2-x, which gives electronic conductivity. In order to 
introduce oxygen vacancies into ceria without reducing the cerium to Ce3+, a rare earth R3+ 




CeO OVGdOGd 32 '32 2 ++⎯⎯ →←
••                                    Equation 2-12 
Although the strategy gives a transport number t0 ≡ σo/σ ≈ 1 in air or an inert 
atmosphere such as argon, Ce3+ ions are created in a reducing atmosphere to give a 
measurable electronic component σe in the total conductivity σ. For Sm0.2Ce0.8O2 (SDC), 
which gives the highest oxide-ion conductivity of the rare-earth doped cerias,[25] the open 
circuit voltage of a hydrogen-air fuel cell was reduced to about 0.89 V at 650ºC.[26] GDC 
based SOFCs are viable in the temperature range of 450 to 600°C.[27] 
 
Stabilized δ-Bi2O3
High temperature δ-Bi2O3 has the highest known oxide-ion conductivity, σo ≈ 2.3 S/cm 
at 800ºC. However, it is only stable in the narrow temperature interval between 730ºC and its 
melting point at 804ºC. This phase has a fluorite-related structure with oxygen ions randomly 
occupying three quarters of the tetrahedral interstices of a face-centered-cubic Bi3+-ion 
sublattice. Although the δ phase can be stabilized to lower temperatures by cation 








at the anode of a SOFC. A thin layer of Sm-based ceria on the anode side of the electrolyte 
can be expected to alleviate this problem, but it does not prohibit it.[30] 
The need to replace ceramic interconnects with alloys, as well as the cost of 
manufacture and maintenance of a fuel-cell stack, makes it mandatory to operate below 
800ºC, but these temperatures are at technical limit that can be achieved with yttria-stabilized 
zirconia as the electrolyte. They require fabrication of dense ceramic membranes of large 




At current stage, a major materials challenge in SOFC development is the interconnect 
material, which provides the conductive path for electrical current to pass between the 
electrodes and to the external circuit.[31, 32] Development of high performance interconnect 
materials is one of the remaining critical issues for state-of –the-art SOFC technique. Since a 
single SOFC only produces approximately 1 volt, practically a stack of fuel cells rather than 
a single cell are utilized to generate power. This requires putting multiple SOFC units 
together in electrical series. Interconnectors are materials, which mechanically and 
electrically joint cathode of one cell to anode of another cell. The conventional high 
temperature ceramic interconnect materials are not applicable due to low electrical 
conductivities at reduced temperatures.[33] New interconnect materials must be developed for 
the still severe dual atmosphere service environment (oxidizing on cathode side and reducing 
on anode side). The unique operating conditions of SOFCs impose particular requirements on 








stability, high electrical conductivity, comparable thermal expansion coefficient with 
electrode materials, mechanical stability, negligible ionic conductivity, gas tightness and 
excellent machinability. 
To date, most interconnect materials investigated fall into two categories: ceramics and 
metals. Doped-LaCrO3 has long been used as interconnect material for conventional high 
temperature SOFCs. These materials have high electrical conductivity, zero-ionic 
conductivity and high corrosion resistance in oxidizing atmosphere (air) as well as in a 
reducing atmosphere (H2-H2O gas mixture) at high operating temperatures. Disadvantages of 
these materials include poor tolerance of sudden temperature changes, extreme sensitivity to 
oxygen partial pressure, Cr poisoning to electrodes, and difficulties in producing 
interconnectors with complex geometries. Since their conductivities originate from hopping 
effect, which is a thermally activated process, LaCrO3 based interconnect materials suffer 
from poor electrical conductivities in reducing atmosphere and at temperatures below 800°C.  
Heat-resistant alloys based on nickel, cobalt and iron with an addition of chromium 
may offer an interesting alternative for the ceramic interconnectors.[34, 35] For example, some 
investigators turn to metallic interconnect materials such as Crofer APU 22 alloys, Haynes 
alloy series, stainless steels and Fe-16Cr alloy.[36-38] These materials give excellent and pure 
electrical conductivities in reducing conditions. Other advantageous properties of these alloys 
include gas tightness and high oxidation resistance owing to the formation of Cr2O3 on their 
surface as a result of selective oxidation of chromium. However, due to high electrical 
resistance of this oxide layer, proportional to its thickness, application of the above-
mentioned alloys is not optimistic without further modification. In addition, high chromium 








service period at elevated temperature ranges. To avoid this problem, other alternative 
protecting coating layers such as Mo1.5Co1.5O4 have been applied on the surface of the 
metallic materials. Nevertheless, the extra complexity in fabrication and high costs prohibit 
coating technique from practical applications. 
 
 
2.1.4 Cell Fabrication Techniques 
Wide varieties of ceramic manufacturing processes have been considered for 
manufacturing SOFC components. Table 2.2 lists some of the common used approaches for 
fabrication of electrolytes. In general, these approaches can be classified into two categories: 
the particulate approach and the deposition approach. The particulate approach involves 
consolidate of ceramic powder into cell components and sintering at elevated temperatures. 
The deposition approach involves formation of cell components on a substrate by a chemical 
or physical process. 
The type of fabrication approach makes no difference for electrolyte layer if the 
thickness after sintering is the same. However, the performances of electrodes are 
dramatically influenced by the processing conditions. The most commonly used approaches 














Table 2-4 Selected fabrication approaches for SOFC electrolytes 
Method Example Ref. 
Spin coating 0.2-2 µm YSZ film on porous or dense substrates [39] 
Vacuum evaporation 25 µm YSZ films on Ni foils [40] 
Sputtering 1-3µm YSZ films on dense or porous substrates [41] 
Colloidal deposition 10 µm YSZ on porous NiO/YSZ substrates [42] 
Plasma spraying 10µm cathode, 220 µm electrolyte, 10 µm anode on 
porous metallic support 
[43] 
Spray pyrolysis 5-10 µm YSZ films on anode substrates [44] 
Sol-gel YSZ films on porous LSM cathode substrates [45] 
Electrophoretic deposition YSZ less than 10 µm on porous NiO/Ca stabilized 
ZrO2 substrates 
[46] 
Laser deposition 0.5-0.7 µm YSZ films [47] 
Electrostatic assisted vapor 
deposition 
5-20 µm YSZ on NiO/YSZ substrates [48] 
Metal organic chemical 
vapor deposition 
(MOCVD) 















Table 2-5 Commonly used methods for SOFC electrodes fabrication 
Approach Example Reference 
Spray painting Multi-layer LSM/LSC cathodes [52] 
E-beam 
evaporation 
Multi-layered NiO/YSZ anodes [53] 
Plasma spraying LSM cathodes [54] 
Electrostatic spray LSCF cathodes [55] 
Screen printing SSC-GDC composite cathodes [27] 
Spin coating LSM-GDC composite cathodes [8] 
Slurry painting LSCF-GDC composite cathodes [19] 
Slurry coating LSM cathodes [56] 
Tape casting Pore former and YSZ [57] 
  
 
2.1.5 Applications of SOFCs 
The potential applications of SOFCs in our society are ever increasing, driven by the 
different benefits which SOFCs offer, such as environmental considerations (no NOx, SOx or 
hydrocarbon emissions and no or much reduced CO2 emissions), especially in urban areas 
where localized pollution is a major issue, and efficiency considerations (better utilization of 
fossil fuels and renewable fuels). Their potentially high reliability and low maintenance 








localized power generation. Applications range all the way from very small-scale ones 
requiring only a few Watts to large-scale distributed power generation of hundreds of MW. 
SOFCs offer significantly higher power densities than batteries, as well as being 
smaller and lighter and having much longer lifetimes. Thus there is an increasing number of 
applications emerging where only a few Watts are required, such as computer systems in 
vehicles and portable electronic devices for military applications. 
The combination of their high efficiency and significantly reduced emissions of 
pollutants mean that fuel cell powered vehicles are a very attractive proposition, especially in 
heavily populated urban areas. The concept of a fuel cell powered vehicle running on 
hydrogen, the so-called “zero emission” vehicle, is a very attractive one and is currently an 
area of intense activity for almost all the major motor manufacturers. 
SOFCs are particularly suited to combined heat and power applications, ranging from 
less than 1 kW to several MW, which covers individual households, larger residential units 
and business and industrial premises, providing all the power and hot water from a single 
system. 
SOFCs offer potential for large scale distributed power generation (hundreds of MW), 
where the heat from the SOFC is used to drive a gas turbine to produce more electricity and 
increase the system efficiency to levels as high as 89%, significantly higher than any 
conventional electricity generation. 
A rapidly developing market for fuel cells is in those applications where there is a real 
need for high quality, uninterrupted power supply. Such applications include information 
technology companies, airports and hospitals where there is a willingness to pay much higher 








equipment or life-supporting equipment. SOFCs are also well suited to high current, low 
voltage applications such as power tools wheelchairs, electric bicycles, scooters, and boats. 
Other applications include auxiliary power unites in vehicles and aircrafts. 
 
2.2 Combustion Chemical Vapor Deposition (CVD) 
 
Combustion CVD is a relatively new thin film fabrication process, which was invented 
by A. T. Hunt in 1993 at Georgia Institute of Technology.[58] Combustion CVD is an open-air 
flame assisted deposition process, which uses a combustible solvent to carry precursors. The 
high temperature combustion provides all the energy needed for reaction and film growth. 
Combustion CVD is different from other thin film deposition methods. 
 
2.2.1 Thin Film Deposition Methods 
Combustion CVD are different from the existing film deposition approaches. The most 
common vapor phase deposition approaches for thin film fabrication are summarized in 
Table 2-6. 
Several coating processes are similar to combustion CVD. The characteristics are 















Table 2-6 Major vapor phase thin film deposition methods 
Deposition method Description 
Physical vapor deposition   
Evaporation The source materials are evaporated at low pressure by either resistance
heating (Thermal Evaporation) or electron beam (E-beam Evaporation). 
The evaporated materials then condense on the surface of the substrate 
to form a thin film. 
Sputtering The source material (target) is placed in a high vacuum and bombarded
with gas ions (usually Ar), which have been accelerated by a high
voltage, producing a glow discharge or plasma. Atoms from the source 
are physically ejected by momentum transfer and move across the




Thermal CVD The high temperature (generally from 800 to 2000°C) required for 
deposition can be generated by resistance heating, high frequency
induction, radiant heating or hot plate heating. 
Plasma enhanced CVD 
(PECVD) 




Metal-organics are used as precursor materials. This technique is
















Spray pyrolysis uses a gas-atomized spray of solution, which 
contains all the ingredients for the final product directed at a heated 
substrate. Upon reaching the substrate, the solvent in the solution 





A water based solution containing acetate precursors of Y, Ba, and Cu is 
nebulized by a 1.7 MHz vibrator. The mist is carried to a H2/O2 flame by 
N2 gas. The flame is directed to a heated substrate where c- axis oriented 





Precursors (metal nitrates or acetates) are dissolved in liquid ammonia, 
ethanol, and ethylene glycol. The solution is then nibulized by a pneumatic 






Powders are introduced into a gas combustion torch (flame spraying) or a 
plasma torch (plasma spraying) in order to melt the powder so it can be 
sprayed onto a substrate to form a film. The coating is formed by the 
impact, spread, and rapid solidification of the individual droplets to form a 






A simple brazing or welding torch using oxygen (O2) and acetylene (C2H2) 












2.2.2 Combustion CVD Process 
Figure 2-5 compares combustion CVD system with traditional CVD system for film 
deposition. In combustion CVD process, the deposition is carried out in open air, ambient 
pressure environment. Precursors containing desired metal elements are dissolved in a 
combustible solvent (e.g. ethanol, isopropyl alcohol (IPA), and toluene). The clear solution is 
then injected by an HPLC pump into the atomizer, where it is mixed with oxygen, atomized 
into aerosol and combusted with the help of pilot flames. A film is produced if a substrate is 
presented within or close to the combustion flame. The high temperature flame provides all 
the energy and thermal environment for precursor decomposition, chemical reaction and film 















2.2.3 Advantages of Combustion CVD 
In comparison with other thin film deposition methods, combustion CVD has many 
advantages: 
• Open-atmosphere process, easy to adjust and operate 
The atomizer is small in size which usually sits inside a fume hood. During 
deposition, all parts of the system are accessible to the operator. Every 
parameter is controllable and adjustable.  
• No furnace, auxiliary heating / reaction chamber required 
For conventional CVD system, furnace/reaction chamber is essential and very 
expensive. A heating unit (e.g. thermal heater or plasma) is needed to provide 
the thermal environment. The chamber also functions as a “black box”. No 
information about the deposition is accessible until the deposition is completed 
and the chamber is cooled down to room temperature. In combustion CVD, the 
energy is solely provided by the combustion flame. Deposition progress can be 
observed and adjustment can be made at any moment. 
• Flexible deposition rate 
It has been demonstrated that the deposition rate can be easily adjusted in a 
wide range. For example, when making high quality dense thin films for optical 
and electrical applications, the deposition rate is usually in the scale of 
nanometer per hour. However, when nanopowder is the final product, the rate 
can be as high as kilogram per hour. For porous films, the appropriate 









• Multi-layer capability 
Apparently, composition of the film can be adjusted by switching precursor 
solutions. Multiple channel HPLC pump is available for making changes on 
film composition. This is very attractive for making functionally graded films. 
• Environmental merits 
The combustion CVD deposition occurs inside the fume hood. Operators are 
not subject to direct exposure to any detrimental gas vapor. More important, 
unlike conventional CVD, which uses sulfur or chloride containing metal-
organic precursors, combustion CVD uses metal nitrates or sulfur/chloride free 
metal-organic precursor materials. After combustion, the by-products are only 
CO2 and H2O. Thus combustion CVD is a clean process. 
• Low capital and operating costs 
Due to the elimination of expensive furnace/chamber and precursor materials, 
the expenses on initial investment, maintaining, and operating are substantially 
lower than those for conventional CVD processes.  
However, some shortcomings come along with all these merits. Film uniformity is a 
major concern for combustion CVD process due to the big temperature variation along the 
flame radius direction. Deposition in large area remains a challenge for this process. The 
system is very simple. On the other hand, there are so many variables that establishing a 
repeatable and controllable procedure for a successful deposition is difficult. These variables 
include: 
• Flame temperature 








• Substrate temperature 
• Substrate composition 
• Precursor composition and concentration 
• Solvent composition 
• Solution flow rate 
• Aerosol size and size distribution 
• Deposition temperature 
 
2.2.4 Applications of Combustion CVD 
Since its invention, combustion CVD has been employed to fabricate different thin 
films  and nonopowders for a variety of applications: 
• Electronic applications 
BaxSr1-xTiO3 (BST), [67, 68] 
• Buffer layer 
CeO2,[69] LaPO4,[70] SrTiO3, LaAlO3, Y2O3, Yb2O3,[71] 
• Optical applications 
MoO3 and WO3,[72] ZnO,[73, 74]  
• Superconductor 
YBa2Cu3Ox,[75] 
• High temperature protecting coating 
Al2O3,[76] Cr2O3, SiO2,[77] CeO2, MgAl2O4, NiAl2O4,[78] YSZ,[79] 
• Nanopowders 









2.2.5 Modeling of Combustion CVD 
The film nucleation and growth in combustion CVD process can be described using 
classical CVD theories.[81] 
It is believed that several simplified models of nucleation and growth explain film 
deposition via combustion CVD. The prediction of the critical size and free energy necessary 
to form nuclei from the gas phase on a surface, heterogeneous nucleation has been developed 
from Capillarity Theory.[81] For nuclei to form on a substrate surface, the increase in surface 
free energy, including the changes for both the nuclei and the substrate, must be more than 
balanced by the decrease in bulk free energy. The total free energy change due to the 










3 +++∆=∆             Equation 2-13 
 
where a1, a2, a3 are geometric constants, 
r is the radius of the spherical cap shaped nucleus, 
∆Gv is the bulk free energy change per volume of nuclei, 
γvf is the surface free energy per area of the vapor-nuclei interface, 
γfs is the surface free energy per area of the nuclei-substrate interface, and 
























Figure 2-6 Surface energies of heterogeneously nucleated particles 
 
 
By maximizing the total free energy change of ∆G by taking its derivative with respect 
to r and setting it equal to zero, one obtains the critical radius, r*. The critical radius is 































                                        Equation 2-14 
 
For r ≥ r*, the nucleus lowers its free energy by increasing in size and thus growth 
proceeds. Nuclei with r < r* are unstable as ∆G increases when these particles grow (until r = 
r*). 






φ =                                          Equation 2-15 
 
where p  is the vapor pressure, 
M is the molecular weight of the particles, and  
T0 is the source temperature. 
The adatoms impinging on the surface will either desorb from the surface or diffuse on 
the surface. The desorption rate can be estimated by the following Arrhenius equation.[82] 





∝                                                     Equation 2-16 
 
With Edes being the activation energy for desorption and making substitutions, the 


























θπ                                Equation 2-17 
 
where a0 is a constant with units of length and is of atomic dimension, 
P is pressure, 
M is the molecular weight, 
NA is the Avogadro’s number, 
K is Boltzman’s constant, 
R is the universal gas constant, 
T is the temperature,  
ES is the activation energy for surface diffusion, and 
∆G* is the energy change for a nucleus of r*. 
 
The nuclei growth can be described phenomenologically by one of theree methods: 
island growth (Vollmer-Weber), layer growth (Frank-van der Merwe), and layer-plus-island 
(Strasky-Kranstanov). Island growth occurs when the interaction between neighboring film 
atoms exceeds that of between the film and substrate. Layer growth is when the interaction 
between the film atoms is less than that of between the film and substrate. Layer-plus-island 
growth combines the two. This relationship can be described using the following equations. 
 
Layer growth   vffssv γγγ +≥                                  Equation 2-18 









Nuclei continue to form and grow on the surface of the substrate until a critical density 
is reached. At this point the number of individual nuclei begins to decrease due to the 
coalescence of existing nuclei. Three methods of coalescence have been determined to exist. 
The first mechanism is Ostwald ripening in which mass is transported from the smaller nuclei 
to the larger nuclei. The second mechanism is sintering. Sintering involves surface diffusion 
between nuclei in contact with one another. The last mechanism is cluster migration, which 
results from the random motion and collision of nuclei on the surface. These three 
coalescence mechanisms combine to coarsen the grain structure of the film on the surface of 

































Once the surface of the substrate is covered, film thickening may begin. Initially the 
depositing atoms will fill the gaps between the coarsened nuclei to smooth the film surface. 
Once completed, the depositing atoms will begin to thicken the deposited film. These initial 
coarsened nuclei for the foundation for the microstructure, which will form as the film 
thickens. However, film thickening may begin before the substrate is completely covered 
resulting in films containing pinholes. 
The first step in modeling combustion CVD process was taken by Brook, who 
developed a model for homogeneous nucleation of oxide particles within the combustion 
flame with respect of aerosol droplet size, solute concentration, and precursor 
composition.[83] It was concluded that the critical amount of precursor in a droplet, , 
(where d
*)( 3 cdaero
aero is the droplet diameter and c is the precursor concentration) is the determining 
factor for the formation of clusters within the flame. Aerosols that contained no droplets with 
values of  exceeding  produced dense vapor deposited material with no 
clusters. Aerosols containing droplets with values of  exceeding  produced 
coatings containing clusters and dense, vapor deposited material. 
)( 3 cdaero *)(
3 cdaero
)( 3 cdaero *)(
3 cdaero
By adopting existing zone models for microstructure evolution during vapor 
deposition,[84, 85] Polley developed a model to correlate the microstructure and deposition 
conditions for ZnO films deposited by combustion CVD.[73] 
In his model, the microstructure of ZnO deposited by combustion CVD can be divided 
into three general zones: Zone A, Zone T, and Zone II. Zone A is characterized by 








temperatures. Zone II is characterized by will-defined columnar grains with (002) plane 
sitting parallel to the substrate surface. Zone II microstructures are produced at high substrate 
temperatures. Zone T is an intermediate zone between Zone A and Zone II that is crystalline 
and smoother than Zone A, but does not have the will-defined columnar grain characteristic 















2.3 Research Motivation and Objectives 
 
Low cost and long-term durability of solid oxide fuel cells can be achieved with the 
emergence of low-temperature SOFCs since relatively inexpensive materials can be 








adopted if the operating temperature is reduced to less than 700°C. [2, 86, 87] Increased 
resistance of the electrolyte caused by the lowered operating temperatures can be addressed 
either by decreasing the electrolyte thickness or by introducing alternative materials with 
higher ionic conductivity at lower temperatures. Nevertheless, the polarization resistances of 
electrode/electrolyte interfaces increase dramatically and become dominant as the operating 
temperature is reduced, especially the resistance at the cathode side. Therefore, minimizing 
interfacial resistances remains one of the major challenges facing the development of low-
temperature SOFCs. 
A variety of fabrication techniques, such as dry pressing, sol-gel, slurry coating, 
screen-printing, and tape casting, have been extensively used in both laboratory and 
industrial practices due to their simplicity, low-cost, and high productivity. To get better 
control on film quality, other techniques, mostly vapor processing approaches, such as 
chemical vapor deposition (CVD),[88, 89] physical vapor deposition (PVD),[90, 91] thermal 
spray,[92] sputtering,[93] electrochemical vapor deposition (EVD),[3, 94] metal-organic chemical 
vapor deposition (MOCVD),[95] and flame assisted vapor deposition (FAVD) are currently 
available for fabrication of SOFC components.[96, 97]  Most of these techniques are best suited 
for the preparation of dense films at relatively low deposition rates. Generally, these methods 
require special raw materials/targets, sophisticated equipment and well-controlled 
atmosphere, thus increasing capital investment and fabrication costs. Moreover, films 
prepared by some of these approaches require post deposition heat-treatment, which is costly 
and time consuming and usually undesired. A deposition technique that is simple to perform, 
capable of creating a variety of microstructures, and cost effective is needed for fabrication 








Combustion CVD is an open air, flame-assisted chemical deposition process, capable 
of producing films from amorphous to crystalline, dense to porous, and nano-scale to micro-
scale dimensions.[58] In addition to the very low apparatus and maintenance costs, the desired 
stoichiometry can be easily controlled by simply dissolving inexpensive precursors (usually 
nitrates or metal organics) into an organic solvent. This is critical for SOFC fabrication since 
SOFC electrodes are usually very complicated in composition. Moreover, the combustion 
CVD process, just like other CVD processes, is insensitive to and has no specific requirement 
for the flatness of the substrate. Initially, combustion CVD was only employed to prepare 
thin, dense oxide films for high temperature and semiconductor applications. However, other 
film morphologies produced by combustion CVD have not drawn sufficient attention by 
researchers. As to fuel cell applications, combustion CVD can be used to deposit not only 
thin, dense electrolytes but also thick, porous electrodes. It has been demonstrated that the 
combustion CVD process can be employed to prepare either nano-sized powders or a variety 
of nano-structured films with controllable thickness and porosity as shown in Figure 2-9.[98, 
99] Another advantage of the combustion CVD process is that multi-layer films can be 
prepared in a single run simply by switching precursor solutions, thus avoiding film cracking 
during thermal cycling in conventional multiple-firing processing. Hence combustion CVD is 
a very attractive technique for the fabrication of compositionally and structurally graded 
SOFC electrodes. 
The overall goal of this research is to understand the correlations between properties, 
microstructure, and processing parameters, including solution chemistry, flame conditions, 
and substrate temperature, hence gaining a profound understanding of the relationship between 








Control and design of microstructure are feasible once the underlying fundamental principles 






























• To investigate the effects of major deposition parameters on microstructure and 
electrochemical performances of porous films deposited by combustion CVD process. 
• To prepare nano-structured and/or functionally graded porous electrodes showing 
reduced interfacial polarization and enhanced electrode kinetics; 
• To further modify the original combustion CVD process to accommodate low-cost 
solid phase ceramic electrode materials and thus gaining better control of phase 
distribution in composite electrode materials; 
• To prepare low dimensional structures of functional materials with desired 
morphologies, crystallographic structure, and excellent electrochemical performances 
for energy storage and conversion. 
 
This research could exert great impact on the existing concept and technology of 
energy storage and conversion. Firstly, it is demonstrated that electrodes for SOFCs with 
dramatically improved interfacial conditions can be fabricated by combustion CVD in a 
simple, open environment. Nanostructured electrodes could enhance 
electrochemical/catalytic kinetic in orders of magnitude, yielding much higher current 
density and total capacity for SOFCs at reduced operating temperatures; Functionally graded 
electrodes further optimize fuel cell microstructure and stack design, facilitating mass, ionic 
and electronic transport; successful synthesis multi-composition, appropriately doped 
nanopowders is crucial for new generation of lithium ion batteries; Well-aligned low-
dimensional nanostructures could be used as building blocks, a template, or even directly 
employed for many functional devices, especially those relevant to energy storage and 








More generally, the proposed research will result in a fundamental understanding of 
combustion CVD process for fabrication of nanostructured electrodes and interfaces. This is 
essential not only to rational design or creation of a new generation of batteries and fuel cells 
but also to advance our ability to design novel materials or structures for other related 








CHAPTER 3  TECHNICAL APPROACHE 
 
3.1 Combustion CVD System 
 
Schematically shown in Figure 3-1 is a state-of-the-art system for Combustion CVD in 
our laboratory. A single combustion CVD system consists of a gas distribution unit, a 
precursor supply unit, a combustion unit, a sample support unit, and a temperature control 
unit. In the combustion CVD process, a solution is prepared by dissolving the desired 
precursors into an organic solvent. An HPLC pump supplies the solution into the combustion 
unit after passing through a filter and a damper. The inline filter is used to remove any 
possible tiny particles present in the solution. The damper helps to reduce the flow and 
pressure pulse between strokes of the piston pump. The gas distribution unit supplies fuel 
gas/oxidant to the combustion unit. Gas pressure and flow rate are controlled by the gauges 
on gas tanks and flow meters.  The essential part of the whole system is the combustion unit 
(nozzle), which is able to atomize the precursor solution into micro-sized aerosols and then 
produce a combustion flame. After extensive evolution, the new generation atomizer can 
generate aerosol droplets with smaller size and narrower size distribution. A diagram of the 
atomizer is illustrated in Figure 3-2. The flammable organic based solution is atomized by a 
high velocity stream of oxygen, which also helps combustion and reaction. The resulting 
flammable aerosol is then ignited by twelve small CH4/O2 premixed pilot flames. All the 
energy for the reaction and deposition is supplied by the combustion of organic solvent. The 
carbon and hydrogen in the organic solvent and fuel gas are burned off and metallic elements 
















































The substrates can be mounted on different sample holders depending on the desired 
deposition temperature and deposition procedure. For low substrate temperatures, the 
substrates sit on a 6″×6″ water cooled aluminum plate. The deposition temperature is 
controlled by adjusting water flow rate and the location of the substrate in the flame. For high 
substrate temperature, the substrates are heated. The sample holder is made of refractory 
material and covered by a stainless steel plate. Resistance heating element is embedded in the 
refractory material. The substrates can be pre-heated to 650°C prior to deposition. 
The control unit is composed of a computer and a temperature controller, which is used 
to monitor and control the temperatures of atomizer and the substrate holder (if substrate pre-
heating is needed). In addition, there are channels available in the control unit for monitoring 
precursor solution pressures at different locations between HPLC pump and atomizer.   
 
3.2 Sample Preparation 
 
For deposition, either metal-nitrates or metal-organics are used as precursor materials. 
Precursor solutions are prepared by dissolving precursor species in stoichiometric ratios into 
organic solvents (i.e. ethanol, IPA, and toluene) and mixed ultrasonically until clear solutions 
are obtained. Methane is used as the fuel gas and dry oxygen served as the oxidizer for the 
flame. The flammable solution was delivered through a HPLC pump to the atomizer at flow 
rate from 2 to 5 ml/min, where the solution is aerosolized and then ignited to create a flame. 
Thin film is produced if a substrate is present within the flame, while nanoparticles are 









Various substrates are used for deposition depending on the application of the film. For 
the purpose of parameter study, polished, fused quartz substrates are purchased from Quartz 
Scientific as 76.2 mm × 25.4mm × 1.0 mm slides. The slides are cut into approximately 10 
mm × 10 mm pieces with a diamond scribe. Each one of these pieces serves as an individual 
substrate. Each substrate is cleaned ultrasonically in acetone then rinsed with ethanol prior to 
use. When depositing SOFC electrodes, YSZ or GDC electrolyte substrates are prepared by 
dry-pressing of commercial powders and sintered at 1400°C for 5 hours. For porous films for 
gas sensors, the interdigitated Pt electrodes are put on Si wafer substrates by soft lithography. 
The details about substrate preparation are discussed in the corresponding chapters. 
The flame temperature is managed by adjusting flow rate of mixing oxygen, the type of 
solvent, and type and flow rate of fuel gas as well. The deposition temperature is determined 
by the flame temperature, the location of the substrate in the combustion flame, and the 
temperature of the substrate. The deposition temperature is monitored by a type K 
thermocouple placed in the vicinity of substrate. Temperature variation on the substrate 
surface was measured to be ±30°C.  
 
3.3 Film Characterization 
3.3.1 Microstructure characterization 
The deposited samples are initially examined by naked eyes. The mechanical property 
of the as-prepared films and bonding strength between the films and the substrates are 
evaluated by scratching the films with nails and peeling off the films with Scotch® tape. The 
microscopic features of the prepared films are characterized in plan-view and in cross-section 








in an Anatech Limited Hummer VI-A sputter coater for 120 seconds. Cross-sections were 
prepared by breaking the specimen into smaller pieces. Powder and 1D nanostructure 
samples are characterized using a transmission electron microscope (HRTEM, JEOL 
4000EX) equipped with an energy dispersive spectroscopy (EDS) attachment. In addition to 
the bright field images, dark field images and selected area electron diffraction (SAED) 
patterns are taken to reveal the structural information of the samples. Powder samples are 
ultrasonically dispersed in acetone and transported to Cu grids by a dropper.  
 
3.3.2 Phase identification 
X-ray diffraction was performed on a Phillips PW-1800 diffractormeter with a 
scanning step of 0.005 degree. The diffractometer uses Cu Kα radiation as incident source. 
To study the size confinement effect of nanostructures produced by combustion CVD, laser 
Raman spectroscopy was obtained using a Renishaw 2000 Raman spectromicroscope 
scanning from 200 cm-1 to 1000 cm-1 at room temperature in open-air. An Ar-ion laser beam 
with a wavelength of 488 nm was used to excite the nano-crystals. 
 
 
3.3.3 Electrochemical analysis 
Electrochemical performances of fuel cells are measured in a laboratory scale station. 
As shown in Figure 3-3(a) and (b), the button fuel cells are sealed at one end of a 3/8″ high 
purity alumina tube. A 1/8″ stainless steel tube is inserted in the larger ceramic tube for fuel 
gas delivery. The whole fuel cell testing assembly is placed in a vertical tube furnace (Figure 
3-3(c)).  Impedances were measured in the frequency range from 0.01 Hz to 100K Hz with a 
Solartron 1287 interface and a 1250 frequency response analyzer (FRA) (Figure 3-3(d)). The 
























3 (a) Schematic and (b) actual appearance 
paratus consisting of a tube furnace, cell




                                                    
(d)        (c)of fuel cell testing assembly. (c) Fuel cell 





3.4 Experimental Design 
 
The purpose of this research is to explore the viability of fabrication of porous ceramic 
films for electrodes for solid oxide fuel cells and novel structures for other energy storage 
and conversion applications. The strategy is first to establish the correlation between 
processing conditions, microstructure, and the electrochemical performance of the resulting 
films. After each major deposition parameter is evaluated, porous films with desired 
microstructures and properties can be fabricated. Films with other novel microstructures for 
other electrochemical applications can be further produced. 
 
3.4.1 Parametric Studies 
As discussed in previous chapter, there are so many processing parameters, which  
impact on film morphology and properties. It is impractical to carry out experiments for each 
of these deposition parameters. The most important deposition parameters should be screened 
out and given detailed study. The effects of these parameters on microstructure and 
electrochemical properties of the deposited films are evaluated and compared. For this study, 
only one electrode material, Sm0.5Sr0.5CoO3 (SSC)+Gd0.1Ce0.9O2 (GDC) is used. Most 
depositions are deposited on quartz substrates. Symmetrical cells (both electrodes are made 
of the same material and have the identical microstructure) are fabricated using GDC or YSZ 









3.4.2 SOFC Electrodes with Superior Performance 
Once the relative importance of each major deposition parameter is determined, the 
parameter combination, which gives optimum microstructure and lowest impedance, is 
adopted to fabricate electrodes and tested for electrochemical performances in full cells. 
Either electrolyte supported or anode supported cells with combustion CVD fabricated 
cathodes are used for evaluation. In addition, electrode materials other than SSC-GDC will 
be deposited on electrolyte substrates for performance evaluation. 
 
3.4.3 SOFC Electrodes with “Designed” Microstructures 
Novel electrodes for SOFCs were designed and fabricated using combustion CVD. For 
example, electrodes with both composition and microstructure gradients were deposited on 
electrolyte substrates and tested for cell performances. The ideal electrodes should have 
compositions more compatible with electrolyte materials close to electrode-electrolyte 
interfaces, while materials more electronically conductive on the air/fuel gas side. 
Structurally, small grain size (high surface area) is preferred at the electrode-electrolyte 
interface since this area is most active for electrochemical reactions. On the contrary, the 
outer layers should have larger grain size, which facilitates gas transport.   
 
3.4.4 Modified Combustion CVD Process 
The original combustion CVD process still has relatively high requirement for 
precursor materials and solvent. All the precursor materials must completely dissolve into the 
solvent prior to deposition. Otherwise atomizer needles are prone to get clogged. In addition, 








difficult to control for combustion CVD. Additional modification of the process may further 
improve film performance and lower the cost as well. 
In the modified deposition process, larger needles, which allow the use of micro-size 
solid particles, are fabricated to replace the fine aerosol generating needles. One component 
of the composite electrode, Sm0.5Sr0.5CoO3 (SSC), was introduced in the form of nitrates 
dissolved in a flammable solvent, while the other component of the electrode, GDC, was 
introduced in the form of solid particles dispersed in the SSC solution. Eventually, both of 
the composite electrode components, SSC and GDC are introduced in the form of low-cost 
solid ceramics.  
 
3.4.5 Porous Films and Novel Structures for Other Applications  
Porous films were fabricated for other electrochemical applications such as gas sensors 
and batteries. High surface area, porous films are required for gas sensing. To enhance the 
gas sensing performance, interdigitated Pt electrodes were fabricated on silicon wafer by soft 
lithography. Nanostructured SnO2 thin films were then deposited on the substrates. The 
sensors were tested for gas responses at different temperatures. The effect of doping was 
investigated in this study. 
Other novel structures, which may be interesting for advanced electrochemical 
applications, were also explored. More specifically, 0D nanoparticles, 1D, and 2D functional 









CHAPTER 4 NOVEL ELECTRODES FOR SOLID OXIDE FUEL CELLS 
 
4.1 Optimization of Deposition Parameters in Term of Interfacial Resistance 
 
The objective of this study is to reveal the correlation between processing conditions, 
microstructures, and electrochemical properties of porous electrodes prepared using the 
combustion CVD method by systematically changing deposition parameters, including 
deposition temperature, deposition time, solution concentration, and type of substrate. These 




The apparatus and operational details of the combustion CVD approach have been 
described elsewhere.[98, 99] Composite consisting of 70wt.% Sm0.5Sr0.5CoO3-δ (SSC) and 30wt.% 
Sm0.1Ce0.9O3-δ (SDC) was chosen as the cathode material. Precursor solutions were prepared by 
dissolving nitrates of Sr, Sm, Co, and Ce (from Aldrich) in stoichiometric ratios into absolute 
ethanol and mixing ultrasonically for at least a half hour until clear solutions were obtained. 
Methane was used as the fuel gas and dry oxygen served as the oxidizer for the flame. The 
flammable solution was delivered to the nebulizer through a HPLC pump at a flow rate of 3.0 
ml/min. Deposition temperatures were measured by placing a K-type thermocouple in the 
vicinity of substrate’s surface. 
Four major processing parameters were studied in a sequential order: deposition 
temperature, deposition time, precursor concentration, and substrate material. Experimental 








example, the deposition temperature used for the deposition time study was the optimal 
temperature determined from the first set of experimental runs to keep the total number of 
experiments manageable. All deposition variables are summarized in Table 4-1. 
A symmetrical cell with configuration of electrode/GDC/electrode was used for 
electrochemical testing. Dense Gd0.1Ce0.9O1.95 (GDC) pellets of 10 mm diameter and 250 µm 
thickness were prepared by dry pressing and sintering in air at 1350°C for 5 hours to achieve a 
relative density higher than 95%. During deposition, the substrates were held at the tip position 
of the flame for a predetermined period of time. Then substrates were turned over to continue 
deposition on the other side. 
       The microscopic features of the prepared electrodes were characterized using a 
scanning electron microscope (SEM, Hitachi S-800) equipped with an energy dispersive 
spectroscopy (EDS) attachment. X-ray diffraction was performed on a Phillips PW-1800 
diffractometer with a scanning step of 0.005 degree. Electrochemical performances of the 
symmetrical cells were measured in ambient air from 500°C to 700°C. Impedances were 
typically acquired in the frequency range from 0.01 Hz to 100 kHz with an EG&G 
Potentiostat/Galvanostat (Model 273A) and a Lock-in Amplifier (5210).  
 
Table 4-1 Major deposition variables 
Serial Deposition temp (°C) Deposition time (min) Precursor conc. (M) Substrate 
1 800/1000/1200/1400 20 0.05 GDC 
2 1200 2/5/10/20 0.05 GDC 
3 1250 50/5/1 0.005/0.05/0.25 GDC 









4.1.2 Results and Discussion 
Effect of deposition temperature 
Shown in Figure 4-1 are the microstructures of electrodes (70 wt.% SSC and 30 wt.% 
SDC) deposited at different temperatures. To assure continuous electrodes, deposition time was 
20 min, which was later found to result an electrode thickness of 150 to 200 µm. It is evident 
from Figure 4-1 that temperature has dramatic impact on the morphology and microstructure of 
the electrodes. Shown in Figure 4-1(a) is the micrograph of an electrode deposited at 800°C, 
consisting of 200 nm loosely compacted particles. The film is highly porous, but the particle-to-
particle contact and particle-to-substrate adhesion are very poor. The electrode films can easily 
be scratched off after deposition, as is evidenced by the many loose particles seen in Figure 
4-1(a) that were produced during SEM sample preparation. Deposition at 1000°C results in a 
better microstructure as shown in Figure 4-1(b). Particles are well attached to each other and also 
adhesion between the film and substrate is improved. Even better electrode morphology for 
SOFCs appeared at a 1200°C deposition, at which branched grain structure is developed as 
shown in Figure 4-1(c). Meanwhile, pore size of this sample is much larger, providing pathway 
for easier gas transport. Grain size is about 400 nm for the sample deposited at 1200°C. As 
deposition temperature further increased up to 1400°C, over-densification occurred, resulting in 
very large grain size and a highly dense electrode, which could obstruct gas flow and thus is not 























Figure 4-1 Typical SEM micrographs of 70wt.% SSC+30wt.%SDC cathodes fabricated by 










Shown in Figure 4-2 are the interfacial polarization resistances as determined from 
impedance spectroscopy of symmetrical cells, further confirming the significant influence of 
deposition temperature. For example, the polarization resistance of the cathode-electrolyte 
interface at 600°C decreased from 24.8 to 2.4, to 0.71, and to 0.26 Ω cm2 as the temperature for 
electrode deposition increased from 800 to 1000, to 1200, and to 1400°C. It appears, however, 
that some over-densification has occurred at 1400oC as shown in Figure 4-1(d), which is 














Figure 4-2 Interfacial polarization resistances of symmetrical cells as determined from 
impedance spectroscopy. The temperature adjacent to each curve represents the temperature at 









Obtaining the perovskite structure is essential for SOFC electrode fabrication. Shown in 
Figure 4-3 are the XRD patterns of electrodes deposited at different temperature. Since 
deposition time is very short, depositions at 800°C and 1000°C produced partially crystallized 
films with small peaks on their XRD patterns. However, samples deposited at 1200°C and 
1400°C show fully crystalline structures. 




























Figure 4-3 X-ray diffraction patterns of SSC-SDC cathodes fabricated at different deposition 
temperatures (800°C, 1000°C, 1200°C, and 1400°C) by combustion CVD (deposition time: 20 








 Effect of deposition time 
Shown in Figure 4-4 are some typical morphologies of the electrodes deposited at 1200°C 
for 2 to 20 minutes. The morphological features of these electrodes are almost the same except 
for an increase of film thickness and a slight increase in grain size with deposition time. SEM 
observation reveals that there is a roughly 3 − 5 µm variation in film thickness due to 
fluctuations in temperature as well solute along flame radius direction during deposition. This 
difference in film thickness may have a large impact on polarization behavior of the film 
especially when the deposition time is short (for example, 2 minutes). Once a critical deposition 
time is reached, this effect is not as significant as before. Movement of the sample within the 
combustion flame during deposition might help to eliminate the variations of the film. 
Electrode thickness was determined from SEM micrographs. Two-minute depositions 
resulted in an electrode with an average thickness of 13+1.5 µm. While 5, 10, and 20 minute-
depositions produced cathodes of 22+2.0, 40+3.2, and 89+7.5 µm thickness, respectively. Film 
growth kinetics can be learned from the plot of electrode thickness vs. deposition time as shown 
in Figure 4-5.  The growth rate of electrodes deposited at 1200°C obeys the linear growth law: 
 
L = Kt + C0                                                             Equation 4-1  
    where L is the electrode thickness and K is the rate constant. In this situation, K equals 
to 4.3 µm/min. This value is orders higher than deposition rates of most CVD processes, 
indicating combustion CVD is an ideal process for industrial mass production. The intercept C0 





























Figure 4-4 Cross-sectional views (SEM micrographs) of cathodes fabricated by combustion 
CVD with different deposition time. (deposition temperature: 1200°C; precursor concentration: 








Similar to a conventional CVD process, there are several sequential steps occurring during 
combustion CVD. The rate-limiting step could be either the mass transport through the boundary 
layer adjacent to the substrate or the surface reaction kinetics. [100] A mass transport controlling 
mechanism tends to show a linear relation while the later mechanism usually leads to parabolic 
film growth behavior. In the case of combustion CVD, both the gas pressure resulting from the 
high velocity of fuel gas and the chosen deposition temperature (1200°C) are much higher than 
conventional CVD, resulting in a much thicker diffusion boundary layer and faster surface 
reaction rate. This suggests that the controlling factor is the diffusion rate of the reactant through 
the boundary layer to the substrate surface.  
 























Figure 4-5 A plot of electrode thickness as a function of deposition time (deposition temperature: 
1200°C; precursor concentration: 0.05 M; substrate: GDC). The thicknesses were determined 








Figure 4-6 shows the interfacial polarization resistances for cathodes fabricated with 
different deposition time. Cathodes prepared with a 2-minute deposition time have much higher 
interfacial resistances than those fabricated using longer deposition time. Electrodes fabricated 
for 5 minutes or more showed similar interfacial resistances at measurement temperatures higher 
than 600°C. As an example, a 10-minute deposition produced electrodes with interfacial 
resistances of 3.39, 1.4, and 0.64 Ω cm2 at testing temperature of 550, 600, and 650°C, 
respectively. Ideally, the electrode thickness should be sufficient to have low sheet-resistance but 
not so thick as to generate resistance to mass transport through the porous electrodes. In general, 
the influence of deposition time on microstructure as well as interfacial polarization resistance is 
not as significant as that of deposition temperature. 
 






































Figure 4-6 Interfacial polarization resistances of symmetrical cells with electrodes fabricated by 








Effect of precursor concentration 
Since electrode thickness might have impact on interfacial polarization resistance, for 
instance, it might affect diffusion of gas species to the active bottom layers, the deposition time 
was adjusted accordingly as the concentration of precursor solution was changed to do a fair 
study of precursor concentration effect. To keep approximately the same amount of solute on 
substrates, deposition time for 0.005, 0.05, and 0.25 M solutions were chosen as 50, 5, and 1 
minute, respectively. Depositions were performed on GDC substrates at 1250°C. The 
microstructures of the resulting electrodes are shown in Figure 4-7. These electrodes are about 











Figure 4-7 Cross-sectional views (SEM micrographs) of cathodes fabricated by combustion 
CVD with different precursor concentration: (a) 0.005 M for 50 minutes; (b) 0.05 M for 5 







































Figure 4-8 Interfacial polarization resistances of symmetrical cells with electrodes fabricated by 
CCVD with different precursor concentration. The interfacial polarization resistances were 









The interfacial polarization resistances as determined from impedance measurements are 
shown in Figure 4-8. These electrodes have very similar interfacial resistances at most of the 
testing temperatures except very low temperatures (such as 450°C). Electrodes prepared from 
0.005 M solution generally exhibited a little better performance. This can be explained by the 
much longer dwell time (50 min) under high deposition temperature, which may lead to better 
particle-to-particle contact and particle-to-substrate adhesion. 
 
Effect of substrate 
Shown in Figure 4-9 are the microstructures of two electrodes deposited on two different 
electrolytes: YSZ and GDC. There is no noticeable difference between electrode microstructures 
prepared with two different substrates. Both electrodes have a thickness of about 25 µm and an 
average grain size of 300 nm. However, interfacial polarization resistances are dramatically 
different, as shown in Figure 10. The interfacial polarization resistances between the electrode 
and YSZ were two orders of magnitude higher than those between the electrode and GDC, 
indicating that the TPB might significantly influence the overall electrode performance.[101] High 
interfacial polarization resistances between a cobalt-containing cathode and YSZ electrolyte have 
also been noted by others.[102, 103] Possible causes include a large mismatch in thermal expansion 
coefficient and chemical reaction between Co and YSZ to form resistive zirconate compounds. 
This problem could be alleviate by partially replacing Co with other transition metals (such as 
Fe), applying a thin layer of GDC between the cathodes and YSZ electrolyte, or fabricating 

















Figure 4-9 Cross-sectional views of cathodes fabricated by combustion CVD on two different 
substrates: (a) GDC and (b) YSZ. 
 
4.1.3 Summary 
Combustion CVD has been successfully applied to the fabrication of highly porous and 
nano-structured SSC-SDC cathodes for solid oxide fuel cells. Four most important processing 
parameters are evaluated in this study: deposition temperature, deposition time, precursor 
concentration, and substrate. Deposition temperature has a significant influence on electrode 
microstructure (grain size, porosity, and pore size). Deposition time and precursor concentration, 
on the other hand, have little effect on microstructure but determine the electrode thickness. The 
nature of the substrate has no observable effect on microstructure but dramatically influence the 
interfacial polarization resistance.  The optimum combination of deposition parameters for SSC-
SDC cathodes on GDC substrates is believed to be a deposition of 5 to 10 minutes using a 0.05 






















































Figure 10 Interfacial polarization resistances of symmetrical cells with electrodes fabricated by 
combustion CVD on two different substrates. (Deposition temperature: 1200°C; deposition time: 











4.2 Nanostructured Electrodes with Dramatically Low Interfacial Resistances 
 
Low-temperature solid oxide fuel cells (SOFCs) have attracted much attention in recent 
years because of their potential to dramatically reduce the cost of the materials and cell 
fabrication in addition to improved reliability, portability, and operational life.[5, 42, 105-108] To 
lower the resistance of dense electrolyte membranes at lower operating temperatures, either the 
thickness of traditional YSZ (8 %molY2O3-ZrO2) electrolyte must be reduced or alternate 
electrolyte materials with much high conductivities at low temperatures (such as doped ceria and 
lanthanum gallate) must be used. Meanwhile, the performance of electrodes (both anode and 
cathode) must be significantly improved to reduce the operating temperature, either through 
development of new materials or creation of novel structures. It has been demonstrated that the 
viability to operate an SOFC at low temperatures is determined primarily by the 
cathode/electrolyte interface, since its polarization resistance increases rapidly as the temperature 
is decreased.[86] The work reported in this communication aims at developing novel 
nanostructured electrodes of extremely low interfacial polarization resistances by a versatile and 
cost-effective method, combustion CVD, in an effort to significantly reduce the operating 
temperature. This is a critical step toward making SOFCs affordable for a wide variety of 
applications. 
 
An SOFC is an all-solid-state device that converts chemical energy of fuels (such as 
hydrogen, natural gas, and other hydrocarbon fuels) directly to electricity with the highest energy 
efficiency and minimal pollutant emission. It is desirable to have a porous structure of mixed-
conducting electrodes for fast transport of ionic and electronic defects through the solid phase, 
rapid flow of gases through the pores, and for efficient electrochemical reactions at the 







the catalyst and the electronic conducting phase, while GDC acts mainly as a matrix to support 
the catalyst and prohibit the metal from agglomeration under operating conditions. Ceria is 
reported to improve the anode catalytic activity as well, especially in SOFCs using hydrocarbon 
fuels.[112, 113] It has been demonstrated that the length of the triple-phase boundary (TPB) 
correlates well with the interfacial resistances to electrochemical oxidation of hydrogen at the 
anode and reduction of oxygen at the cathode; thus, the extension of the TPB or the number of 
active reaction sites becomes a determining factor in improving electrode performance. This can 
be achieved by developing electrode materials of higher ambipolar conductivity and/or 
optimizing the architecture/microstructure of the electrodes. Consequently, extensive efforts 
have been devoted to searching for alternative cathode materials such as the composites 
consisting of La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), Sm0.5Sr0.5CoO3-δ (SSC), and Ce0.9Gd0.1O1.95 (GDC) 
or YSZ.[19, 114] While considerable progress has been made on developing new electrode 
materials, little has been reported in cell performance enhancement by optimizing microstructure 
of the electrodes through new electroding processes. Although there is little argument that the 
creation of nanostructured electrodes with finer grain size could considerably improve the 
performance of fuel cells, especially at lower operating temperatures, the major technical 
challenge is how to fabricate designed microstructure cost-effectively.  
     Combustion CVD is an open-air, flame-assisted chemical deposition process, capable of 
producing a wide range of coating morphologies from very dense to highly porous structures. [15, 
16] In liquid fuel combustion CVD, chemical precursors of the electrode materials are dissolved 
in a flammable organic solvent. The resulting solution is nebulized and the resulting aerosol is 
then combusted in open air, depositing a layer of porous electrodes onto an electrolyte substrate 








adjusting the ratios of the various chemical precursors in the solution. This technique is cost-
effective because it uses inexpensive precursors (e.g., nitrates and metal-organics) and does not 
need a furnace nor a vacuum chamber, which are costly and essential for conventional CVD 
process. Moreover, the combustion CVD process, just like other CVD processes, is insensitive to 
and has no specific requirement for the flatness of the substrate. It has been demonstrated that the 
combustion CVD process can be employed to prepare either nano-sized powders or a variety of 
nano-structured films with controllable thickness and porosity.[98] Technique similar to 
combustion CVD has been used on La1-xSrxMnO3-δ (LSM)/YSZ system earlier.[96, 97, 115] 
Interfacial resistances of the resulted electrodes were reported comparable to those fabricated by 
conventional techniques. Unfortunately, only symmetrical cells, not functional full cells, were 
fabricated and tested using that technique. In addition, there was no attempt to fabricate ceria-
based SOFC systems, the performance of which is more sensitive to interfacial resistances 
because of the intended operating temperature is low. For example, for a SOFC based on a 26 
µm-thick GDC electrolyte, Ni-GDC/GDC/SSC-GDC, the electrolyte resistances were reported to 
be 0.96 Ωcm2 and 0.67 Ωcm2 at 450°C and 500°C, respectively, while the interfacial polarization 
resistances were 5.2 Ωcm2 and 1.8 Ωcm2, much higher than the bulk electrolyte resistances.[27] 
Thus, reducing interfacial polarization resistances is the most effective way of enhancing the 
performances of low-temperature SOFCs.  
     In this chapter, we present our recent advance in fabrication of functional SOFCs by 
depositing both cathode (70wt% Sm0.5Sr0.5CoO3-δ and 30wt% Sm0.1Ce0.9O3-δ (SDC)) and anode 
(70wt% Ni and 30wt% Sm0.1Ce0.9O3-δ) on a 250µm thick GDC electrolyte pellets using a 










Detailed description of combustion CVD apparatus used for this study is available 
elsewhere. [98] Metal nitrates of Sr, Sm, Co, Ce, and Ni were obtained from Aldrich. Solution was 
prepared by dissolving stoichiometric amounts of precursors into an organic solvent and agitated 
by a magnetic stirring bar until completely dissolved. Methane was used as the fuel gas and 
oxygen served as the oxidizer for the combustion flame.  
Dense GDC (Gd0.1Ce0.9O1.95) pellets of 10 mm diameter and 250 µm thickness were 
prepared by a dry-pressing process and sintered at 1350°C for 5 hours to achieve relative density 
of greater than 96%. Before deposition, the GDC substrates were held at the tip position of flame 
for 7 minutes. After deposition of each electrode, the precursor solution was switched, and 
substrates were turned over for deposition of the other electrode material. Anode supported half 
cells were fabricated by a co-firing process. The dry-pressed Ni-GDC/ GDC bilayer pellets were 
co-sintered at 1350°C for 5 hours, resulting in an GDC film of about 20 µm on a Ni-GDC 
substrate. 
The microscopic features of the prepared electrodes were characterized using a scanning 
electron microscope (SEM, Hitachi S-800) with an energy dispersive spectroscopy (EDS) 
attachment. Electrochemical performances of the cells were measured at 500°C to 700°C with 
humidified (3 vol.% water) hydrogen as fuel and stationary air as oxidant at ambient pressure. 
Impedances were measured in the frequency range from 0.01 Hz to 100K Hz with an EG&G 









4.2.2 Results and Discussion 
Figure 4-10 (a) shows a cross-sectional view of a fuel cell supported by a 250 µm-thick 
GDC electrolyte membrane with combustion CVD-fabricated NiO−SDC anode (top layer) and 
SSC−SDC cathode (bottom layer).  Both electrodes are relatively uniform with thickness of 
about 40 µm. The micrographs shown in Figure 4-10(b) and (c) reveal that both anodes and 
cathodes are highly porous and appear to adhere well to the electrolyte. The agglomerate size 
appears to be smaller for the anode than for the cathode. However, higher magnification SEM 
micrographs, shown in Figure 4-10(d) and (e), reveal that each agglomerate actually consists of 
much smaller grains of about 50 nm in diameter. The primary grain sizes are also smaller for the 
anode than for the cathode. These nanostructured electrodes have extremely high surface area 
and are expected to significantly improve the electrochemical functionality.   
Shown in Figure 4-11 are the XRD patterns of as-prepared cathodes and anodes, indicating 
that the composite anode consists of NiO and SDC phases whereas the cathode is composed of 


































Figure 4-10 Cross-sectional views of an SOFC with both anode and cathode fabricated using combustion 
CVD: (a) the entire cell with Ni-SDC anode, GDC electrolyte, and SSC-SDC cathode, (b) anode-
electrolyte interface, (c) cathode-electrolyte interface, (d) higher magnification of Ni-SDC composite 

















































Figure 4-11 X-ray diffraction patterns of the anode (70wt.% Ni and 30wt.% SDC) and the cathode 









     Shown in Figure 4-12(a) are the impedance spectra of the fuel cell measured at 500°C 
and 600°C under open circuit conditions using a two-electrode configuration. Since the 
electronic conduction in GDC is not negligible under the fuel cell conditions, [22] The bulk 
resistance of the electrolyte (Rb) and the polarization resistances of the electrode-electrolyte 
interfaces (Ra+Rc) can no longer be determined just from the impedance data. The combination 
of impedance measurement and open circuit voltage (OCV) measurement becomes necessary to 
correct the partial shorting effect due to electronic conduction of GDC. Shown in Figure 4-12(b) 
are the electrolyte resistances (Rb) and the total interfacial resistances (Ra+Rc) as calculated from 
the impedance data and OCV measurements. [23] The electrode-electrolyte interfacial polarization 
resistance is estimated to be 1.09 Ω cm2 at 500°C, 0.43 Ω cm2 at 550°C, and 0.17 Ω cm2 at 
600°C, respectively.  
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Figure 4-12 (a) Impedance spectra of a single fuel cell as measured using a two-electrode 
configuration, and (b) The bulk electrolyte and interfacial polarization resistances obtained from 








Shown in Figure 4-13 are the polarization resistances of the cell with electrodes fabricated 
by combustion CVD, together with data reported in literature for doped ceria-based SOFCs. 
While some of the data [19, 114] were obtained using symmetrical cells, they should be comparable 
to those obtained from fuel cells if correctly analyzed,[116] i.e., taking into consideration of partial 
shorting due to electronic conduction of the electrolyte GDC under functional cell conditions. 
Clearly, the fuel cell with electrodes fabricated by combustion CVD displayed much lower 
interfacial polarization resistances than those prepared by conventional methods: slurry-
painting,[19] spin-coating,[114] and screen-printing.[27] The observed interfacial polarization 
resistances of the electrodes fabricated by combustion CVD represent the lowest ever reported 
for these cathode/electrolyte systems. 
Shown in Figure 4-14(a) are the cell voltages and power densities as a function of current 
density for a single cell with both anode and cathode fabricated by combustion CVD. The 
maximum power densities are 60, 108, 159, 202, and 243 mW/cm2 at 500, 550, 600, 650, and 
700°C, respectively.  These are impressive performance data for a fuel cell based on an 
electrolyte of 250 µm thick. As revealed from impedance spectra shown in Figure 4-12(a), 
electrolyte resistances were much higher than the electrode-electrolyte interfacial polarization 
resistance and, thus, the cell performance was mainly limited by the electrolyte resistance. To 
further demonstrate the benefit brought about by low interfacial polarization resistances, anode-
supported half cells with 20 µm thick GDC electrolytes were fabricated by a dry-pressing and 
co-firing process as described elsewhere. [27] Subsequently, SSC-SDC cathodes were fabricated 
onto the GDC electrolyte films (supported by anode) using combustion CVD.  As expected, 








GDC electrolyte. The peak power densities are 204, 286, 375, and 481mW/cm2 at 500, 550, 600, 











 LSM-GDC50, Murray [14]
 LSCF-GDC30, Dusastre [13]




































Figure 4-13 Comparison of interfacial polarization resistances as determined from impedance 





































































































(b) 20 µm GDC electrolyte 
 
Figure 4-14 Cell voltages and power densities as a function of current density for fuel cells with: 
(a) both cathode (SSC-SDC) and anode (Ni-SDC) fabricated using combustion CVD on a GDC 









 Highly porous and nano-structured electrodes for low-temperature SOFCs have been 
successfully fabricated using a combustion CVD process. The electrodes fabricated by 
combustion CVD consist of nano-grains of about 50 nm, exhibiting extremely high surface area 
and remarkably low polarization resistances. XRD patterns confirmed the formation of desired 
crystalline phases for as-prepared NiO-SDC anodes and SSC-SDC cathodes. It is evident that 
combustion CVD is a highly effective approach to fabrication of high-performance electrodes for 
low-temperature SOFCs, producing the lowest interfacial polarization resistances (1.09 Ω cm2 at 
500°C, and 0.17 Ω cm2 at 600°C) ever reported for the cathode materials. Anode supported cell 
with a 20 µm thick electrolyte demonstrated a power density of 375 mW/cm2 at 600°C. Little 
deterioration in either microstructure or performance was observed after 172 hours of operation. 
While the long-term stability of these electrodes is yet to be determined, the results indicate a 
new direction to significantly improve the performance of low temperature SOFCs. The high 
deposition rate, short deposition time, and high temperature deposition conditions result in nano-
sized grains, superior bonding to electrolyte, and desired crystalline phases, which are important 
attributes to achieving low interfacial polarization resistances, high power densities, and 











4.3 Functionally Graded Electrodes 
 
Solid oxide fuel cells (SOFCs) will inevitably exert a great impact on the development of 
next generation energy technology and hydrogen economy as fossil fuels are running out of 
supply. For conventional SOFCs, high operating temperature (for example, 800°C−1000°C) is 
required to insure sufficiently high ionic conductivity and fast electrode kinetics. Reduction of 
operating temperature of SOFCs is desirable to lower materials cost and elapse technical issues 
associated with elevated temperatures.[5, 42, 105, 107, 108, 112] However, conductivities of cell 
component materials decrease exponentially as temperature drops, and interfacial polarization 
resistances increase significantly, dramatically diminishing output power densities of fuel cells. 
Previous researchers have reported fabrication of compositionally graded composite cathodes 
using various techniques to tailor the mismatch between the physical properties of new electrode 
materials and the electrolyte.  Traditional high-temperature SOFCs, which usually employ a 
yttria-stabilized zirconia (YSZ) electrolyte, a LSM cathode and a nickel-YSZ cermet anode, 
operate at the temperature range of 800°C−1000°C. LSM perovskite is widely used as a cathode 
material due to its high electrochemical activity, good stability, and thermal expansion 
compatibility with YSZ at cell operating temperature. Reducing the operating temperature down 
to 600°C−800°C brings both dramatic technical and economical benefits. The cost of SOFC 
technology may be dramatically reduced since much less expensive materials can be used in cell 
construction and novel fabrication techniques can be applied to the stack and system integration. 
Further, as the operating temperature is reduced, system reliability and operational life increase 
and so does the possibility of using SOFCs for a wide variety of applications, including 








issues arise and become critical, such as the exponential reduction in conductivity for LSM, and 
the dramatic increase of interfacial polarization resistances between the LSM cathode and YSZ 
electrolyte. It has been recognized that LSC offers much higher electrical conductivity than LSM 
at all temperatures. Unfortunately, higher thermal expansion coefficient and reactivity restrict its 
direct use with YSZ electrolyte. 
Several strategies have been adopted to improve interfacial conditions and electrochemical 
performance of LSM/YSZ system, including introduction of ionically conducting secondary 
phases to form composite electrodes, development of compositionally graded structures, and 
employment of other fabrication approaches. It was found that the interfacial polarization 
resistance could be reduced to one fourth of its original value by adding 50 wt.% YSZ into LSM 
cathode.[117, 118] It was later reported that addition 50 wt.% gadolinia-doped ceria (GDC) instead 
YSZ reduces the value to 1.06 Ωcm2 at 700°C and 0.49 Ωcm2 at 750°C, which is two to three 
times lower than those for LSM-YSZ composite cathodes on YSZ electrolyte.[8] Jiang 
demonstrated that by using ion impregnation methods, the interfacial polarization resistances of 
LSM−GDC/YSZ system can be further reduced down to 0.72 Ωcm2 at 700°C.[119] 
Functionally graded materials (FGM) have been employed to join dissimilar materials or to 
achieve unique properties. Compositional gradient is required in a large number of engineering 
applications, such as joining metallic materials with ceramics.[120] On the other hand, materials 
exhibiting graded porosity are attractive for other applications, including graded ceramic 
performs,[121] special heat insulation and/or thermal shock resistant structures,[122] and medical 
implants,[123, 124] The concept of FGM was introduced to fabricate SOFC components recently. 
Either single-phase cathode materials (such as LSM/LSC) or composite cathodes (such as 








printing,[125] slurry spraying,[126] spray painting,[52] and slurry coating.[104] Reduced interfacial 
polarization resistances and improved electrochemical performances have been reported (i.e. 
0.47 Ω cm2 [104] and 0.2 Ω cm2 [52] at 750°C). However, all the work reported in the literature 
only focused on cathodes with compositional gradient. Ideally, the best structure for a functional 
SOFC should be the one with both compositional gradient and porosity gradient, consisting of 
fine grains (and high surface area) close to the electrode/electrolyte surface, and large grains (and 
thus large pore size) at air/oxygen side.  
It has been demonstrated that nanostructured electrodes with significantly high surface area 
offer superior electrochemical properties as long as sufficiently large pore size and enough 
porosity are provided.[110, 111] Our recent work showed that nanostructured electrodes 
dramatically reduce electrode/electrolyte interfacial polarization resistances and improve cell 
performance.[99] In this section, research work on fabrication of nanostructured and functionally 
graded composite cathodes, which are graded in microstructure as well as in composition, using 
a combustion CVD process is described. A schematic diagram of the fabricated SOFC system is 
depicted in Figure 4-15. The resulting SOFCs exhibited extremely low interfacial polarization 
resistances and high powder density at the operating temperature range of 600ºC-800ºC.  
 
4.3.1 Experimental  
Detailed description of combustion CVD apparatus used for this study is available 
elsewhere.[98] Metal nitrates of Sr, Sm, Co, Ce, and Ni were obtained from Aldrich. Solution was 
prepared by dissolving stoichiometric amounts of precursors into an organic solvent and agitated 
by a magnetic stirring bar until completely dissolved. Methane was used as the fuel gas and 








Dense YSZ pellets of 14 mm diameter, 240 µm thickness were prepared by tape casting 
and sintered at 1400°C for 5 hours. Figure 4-15 shows a schematic diagram of the SOFC design. 
Starting with a tape cast YSZ pellet of 14 mm diameter and 240 µm thickness, a 30 µm layer of 
porous 60 wt.% NiO-40 wt.% GDC was deposited onto one side of the pellet using combustion 
CVD at a temperature of 1250ºC. After deposition of one electrode, precursor solution was 
switched, and substrates were turned over for deposition of cathode materials. Firstly, 10 µm 
thick fine grained 60 wt.% LSM−40 wt.% GDC was deposited on YSZ electrolyte. Following 
this, the composition of the precursor solution was changed to 30 wt.% LSM−30 wt.% LSC−40 
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The microscopic features of the prepared electrodes were characterized using a scanning 
electron microscope (SEM, Hitachi S-800) with an energy dispersive spectroscopy (EDS) 
attachment. Electrochemical performances of the cells were measured at 600°C to 850°C at 50°C 
increase with humidified (3 vol.% water) hydrogen as fuel and stationary air as oxidant at 
ambient pressure. Impedances were measured in the frequency range from 0.01 Hz to 100K Hz 
with an EG&G Potentiostat/Galvanostat (Model 273A) and Lock-in Amplifier (5210). 
 
4.3.2 Results and Discussion 
Shown in Figure 4-16(a) is a cross sectional view (as fractured) of a half-cell with 
composite cathode supported by a 240 µm thick dense YSZ electrolyte.The cathode fabricated 
by combustion CVD consists of three porous layer structures and is graded in both 
microstructure and composition, with about 5 µm thick 60 wt.% LSM−40 wt.% GDC fine 
agglomerates (0.5 µm diameter) at the bottom (close to YSZ electrolyte), followed by 5 µm thick 
30 wt.% LSM−30 wt.% LSC−40 wt.% GDC fine agglomerates (0.5 µm diameter), and 15 µm 
thick 60 wt.% LSC−40 wt.% GDC coarse agglomerates (2~3 µm diameter) on the top (air side). 
The two bottom layers are actually nanostructured as shown in Figure 4-16(b), offering 
extremely high surface area for oxygen reduction. In addition, these Mn rich layers provide fast 
electrochemical reaction rate, high stability and satisfying match in thermal expansion coefficient 
with YSZ electrolyte. Meanwhile, the large interconnected pore channels within the coarse top 




























Figure 4-16 (a) Cross-sectional view of the functionally graded cathode fabricated on an YSZ 
pellet using a combustion CVD process, (b) higher magnification image of the cathode showing 
the nanostructure, (c) EDS dot mapping showing Mn distribution on the cross-section surface, 
and (d) EDS dot mapping of Co distribution. 
 
It is difficult to distinguish the bottom layers, 60 wt.% LSM−40 wt.% GDC and 30 wt.% 
LSM−30 wt.% LSC−40 wt.% GDC from SEM micrographs, indicating that the porosity and 
microstructure feature were similar. However, EDS dot mapping technique revealed the 
compositional changes on the cross sectional micrograph. As shown in Figure 4-16(c), Mn 








signal exhibited the opposite trend as shown in Figure 2(d). Unlike compositional layered 
structures fabricated by stacking or spray-painting, where compositional abruptness was usually 
easily observed between adjacent layers, composition of the structures fabricated by combustion 

































































Figure 4-17 (a) Impedance spectra of a single fuel cell as measured using a two-electrode 
configuration, and (b) bulk electrolyte resistance (Rb) and interfacial polarization resistances (Ra 









Shown in Figure 4-17(a) are the impedance spectra of the fuel cell measured at 700°C and 
800°C under open circuit conditions using a two-electrode configuration. The open circuit 
voltages (OCV) were 1.06 V, 1.03 V and 1.0 at testing temperatures of V 600°C, 700°C and 
800°C, respectively, indicating no gas crossover and negligible electronic conductivity of the 
YSZ electrolyte.   The bulk resistance of the electrolyte (Rb) and the polarization resistances of 
the electrode-electrolyte interfaces (Ra+Rc) can thus be determined directly from the impedance 
data. Shown in Figure 4-17(b) are the electrolyte resistances (Rb) and the total interfacial 
resistances (Ra+Rc) The electrode-electrolyte interfacial polarization resistance is estimated to be 
1.62 Ω cm2 at 600°C, 0.43 Ω cm2 at 700°C, and 0.11 Ω cm2 at 800°C, respectively. At the same 
testing temperatures, the bulk resistances are 2.24, 0.94, and 0.60 cm2, respectively. 
Figure 4-18 shows the polarization resistances of the cell with electrodes fabricated by 
combustion CVD, together with data reported in the literature for SOFCs with LSM based 
cathodes and YSZ electrolyte. While most polarization resistances reported in the literature were 
measured using a symmetrical cell configuration, they should be comparable to those obtained 
from fuel cells if the cathode-electrolyte interfacial polarization resistances are properly 
separated from the rest of the cell since partial shorting due to electronic conduction of YSZ is 
negligible under fuel cell conditions. Clearly, the fuel cell with electrodes fabricated by 
combustion CVD displayed lower interfacial polarization resistances than those prepared by 
other methods: spin-coating,[8] slurry-spraying,[126] and ion impregnation.[119] All electrodes were 
tested in stationary air using a symmetrical cell configuration except the electrodes prepared by 
ion impregnation, which were tested in an asymmetric cell with porous Pt as the counter 
electrode.  In fact, the observed interfacial polarization resistances of the electrodes fabricated by 
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Figure 4-18 Comparison of interfacial polarization resistances for YSZ electrolyte/LSM based 
electrodes fabricated using different techniques: spin-coating (symmetrical cell, tested in air),[8] 
slurry-spraying (symmetrical cell, tested in air),[126] ion impregnation (asymmetrical cell with Pt 
counter electrode on the other side of electrolyte, tested in air),[119] and combustion CVD (full 
cell, tested in air). 
 
Shown in Figure 4-19 are the cell voltages and power densities as a function of current 
density for a single cell with both anode and functionally graded cathode fabricated by 
combustion CVD. The maximum power densities are 138, 319, and 481 mW/cm2 at 600, 700, 
and 800°C, respectively. At 850°C, the highest power density of 551W/cm2 was recorded. These 
are impressive performance data for a fuel cell based on an electrolyte of 240 µm thick. As 








higher than the electrode-electrolyte interfacial polarization resistance and, thus, the cell 




























































Figure 4-19 Electrical performance of a fuel cell with functionally graded cathode and anode 
fabricated using combustion CVD on a YSZ electrolyte membrane of 240 µm thick (Testing 
conditions: hydrogen with 3 v% of water vapor as the fuel and stationary air as the oxidant, both 
at ambient pressure). 
 
4.3.3 Summary 
Nanostructured and functionally graded LSM-LSC-GDC composite cathodes have been 








method. The fabricated cathodes were graded in both composition and structure with higher 
strontium-doped lanthanum manganite (LSM) content and finer primary grain size at electrolyte 
side while higher strontium doped lanthanum cobaltite (LSC) content and coarser primary grain 
size at air/oxygen side. Extremely low interfacial polarization resistances (i.e. 0.43 Ωcm2 at 
700°C) and impressively high power densities (i.e. 481 mW/cm2 at 800°C) were generated at 
operating temperature range of 600°C−850°C. It is the first time to verify the existing ideal 
SOFC model experimentally. The promising results suggest that high power density, 
intermediate operating temperature, and low cost SOFCs can be fabricated using combustion 
CVD method. 
 
4.5 Electrodes Produced by A Dual-Phase (Particle-Solution) Spraying Process 
 
Solid oxide fuel cells (SOFCs) have a great potential to be the power of the future because 
of their high energy-conversion efficiency, low pollutant emission, and excellent flexibility with 
practical fuels (e.g., hydrocarbon fuels with contaminants). Efforts are being made to lower the 
operating temperature from 800−1000°C to 600−800°C in order to reduce cost and improve 
reliability and operational life.[5, 42, 107, 108, 110-112, 127] One of the critical challenges for operation of 
SOFCs at low temperatures is how to reduce interfacial polarization resistances (Rp).[27] New 
materials must be identified or developed to improve the intrinsic catalytic properties of the 
electrode materials. Further, novel fabrication techniques have to be developed in order to create 
unique microstructures in a cost-effective manner. 
It has been generally recognized that composite electrodes offer better performance than 








porous electrode body away from the traditional electrode-electrolyte interface. As a result, the 
overpotential at the electrodes can be dramatically reduced. This approach has been very 
successful for the cathode, which is usually the major factor limiting cell performance. The 
composite cathodes typically consist of a mixed-conducting material and an ionic conductor such 
as YSZ[7, 117] or GDC.[19, 20, 128] 
Various fabrication techniques have been studied to optimize the microstructure and 
distribution of each component. It was demonstrated that cell performance could be improved by 
sol-gel coating of La0.85Sr0.15MnO3 (LSM) with YSZ or Sm0.2Ce0.8O2 (SDC).[56] Similarly, Jiang 
et al. modified LSM cathode with Gd0.2Ce0.8O2 (GDC) by an ion impregnation method.[119] The 
interfacial polarization resistance of the LSM−GDC/YSZ system at 700°C was reduced to 0.72 
Ωcm2 by multiple coatings to obtain the required thickness and by subsequent firing following 
each coating to ensure desired crystallographic phases. 
Recently, a combustion CVD process has been successfully introduced to fabricate 
components for solid oxide fuel cells. Highly porous, nano-structured electrodes with superior 
electrochemical performances have been prepared using this method.[99, 129] In combustion CVD, 
precursors such as nitrates or organic salts are dissolved in a flammable solvent. The resulting 
solution is then pumped into a nanomizer, where a combustion flame is created. A film or 
coating is deposited when a substrate is within or near the tip of the flame. Electrodes of uniform 
composition, but with vastly different microstructures, have been created under different 
conditions. In this chapter, a new process for fabrication of SOFC electrodes, a particle-solution 
spraying process is described. One component of the composite electrode, Sm0.5Sr0.5CoO3 (SSC), 
was introduced in the form of nitrates dissolved in a flammable solvent, while the other 








SSC solution. The desired crystalline phase of SSC forms within the flame during deposition. 
The resulting cathodes have very unique microstructures: each large grain consists of smaller 
particles, which in turn contains even smaller particles. The smallest feature is within nanoscale. 
SOFCs with these electrodes have shown very low interfacial polarization resistances and high 
cell performance at low operating temperatures. 
 
4.5.1 Experimental 
Anode (65wt.% NiO and 35wt.% GDC) supported GDC substrates were prepared by co-
pressing followed by sintering as described elsewhere.[27] Cathodes consisting of SSC and GDC 
were deposited onto the GDC/NiO-GDC substrates using a particle-solution spraying process. 
The apparatus for the spraying process is similar to that for combustion CVD as described 
elsewhere. [98, 130] Nitrates of Sm, Sr, and Co in a molar ratio of 1:1:2 (to form Sm0.5Sr0.5CoO3 
after combustion) were dissolved into absolute ethanol. GDC particles were prepared by the 
glycine-nitrate method[131] and were directly dispersed in the SSC ethanol solution. The weight 
ratio of SSC and GDC was kept at 7:3 corresponding to a volume ratio of 71:29. Before 
deposition, the solid-solution mixture was ultrasonically dispersed to break apart the large 
agglomerates. During deposition, a magnetic stirrer was used to prevent particles from settling 
down. Deposition of cathodes was carried out at 1250°C for 10 minutes. Deposition temperature 
was measured by placing type K thermocouples in the vicinity of substrate surfaces. 
The microscopic features of the prepared electrodes were characterized using a scanning 
electron microscope (SEM, Hitachi S-800) equipped with an energy dispersive spectroscopy 
(EDS) attachment. X-ray diffraction analysis was performed on a Phillips PW-1800 








symmetrical cells were measured in ambient air from 450°C to 650°C. Impedances were 
typically acquired in the frequency range from 0.01 Hz to 100 kHz with an EG&G 
Potentiostat/Galvanostat (Model 273A) and a Lock-in Amplifier (5210).  
 
4.5.2 Results and Discussion 
Shown in Figure 4-20 is a typical TEM micrograph of the GDC nano-particles synthesized 




































Figure 4-21 (a) Cross-sectional view of solid oxide fuel cell with SSC-GDC cathode fabricated 
by a particle-solution spraying process. (b) and (c) higher magnification SEM micrographs of the 
SSC-GDC cathode showing larger particles surrounded by nano-structured smaller particles. 
 
 
Shown in Figure 4-21(a) is a cross-sectional view of an SOFC with the cathode fabricated 
by a particle-solution spraying process. The dense GDC electrolyte had a thickness of about 20 
µm. The cathode is highly porous and is about 30 µm thick. Higher magnification SEM 
micrographs shown in Figure 4-21(b) and (c) indicate that the large particles (1−2 µm) consist of 

























Figure 4-22 An X-ray diffraction pattern of the SSC-GDC cathode (70wt.% SSC and 30wt.% 
GDC) fabricated by the particle-solution spraying process. 
 
The X-ray diffraction pattern of the cathode shown in Figure 4-22 indicates that the 
cathode consists of two highly crystallized phases: SSC and GDC. The GDC peaks came from 
particles dispersed in solution, while the SSC phase was formed during deposition through 
chemical vapor reaction. A previous study suggested that highly crystallized SSC phase can be 
formed at deposition temperatures higher than 1200°C.[98] In addition, trace of NiO was also 
observable on the XRD pattern. The NiO signal must be collected from the peripheral surface of 
the substrate, a NiO-GDC composite anode. It is noted that the baseline of the XRD pattern is 
not very smooth. Small amount of other phases may be present as implied by the unidentified 








Impedance spectra of a single cell with configuration of SSC−GDC/GDC/NiO−GDC were 
measured using a two-electrode configuration in the temperature range of 450°C to 650°C. 
Shown in Figure 4-23(a) are two typical impedance spectra measured at 500°C and 600°C, 
respectively. It is noted that each spectrum consists of at least two overlapped semicircles.   
While it is apparent that multiple processes contributed to the impedance spectra, no attempts 
were made to separate theses processes. Instead, the impedance data was used only to separate 
the interfacial polarization resistances (Rp) from other contributions. Clearly, the interfacial 
polarization resistances (Rp) were much smaller than the bulk resistances (Rb) even though the 
electrolyte was only 20 µm thick. For example, interfacial resistances were 0.45 Ωcm2 and 0.15 
Ωcm2 at 500°C and 600°C, respectively, while the bulk resistances were 0.58 Ωcm2 and 0.38 
Ωcm2 at the two temperatures, respectively. These interfacial polarization resistances (Rp) are 
compared in Figure 4-23(b) with those of the cells having identical materials and configuration 
but were fabricated using different processes. Bulk resistances (Rb) and interfacial polarization 
resistances (Rp) were extracted from the measured impedance spectra and corrected by taking 
into consideration of electronic conduction at corresponding temperature using the following 

































                                     Equation 4-2 
 
Where RT is the total resistance of the SOFC as determined from the intercept of impedance 








intercept at high frequencies, VOC represents the open cell voltage, and EN is the Nernst potential 
across the cell at testing temperatures. 
It is evident that fuel cells with cathodes fabricated by the particle-solution spraying 
process had very low interfacial polarization resistances, especially at low operating 
temperatures. Typical performances of the SOFC are shown in Figure 4-24. It is noted that the 
open circuit voltage (OCV) dropped from 0.9 V to 0.8 V as the testing temperature arose from 
450°C to 650°C, implying that the mixed-conducting is getting more significant at higher 
temperatures and the correction using equation (1) is necessary. The observed peak power 
densities were about 223, 316, 385, and 411 mW/cm2 at 500, 550, 600, and 650°C, respectively. 
The activation energies calculated from the slope of the curves shown in Figure 4-23(b) are 
1.08 eV (104.4 kJ/mol) for cathodes made by screen-printing,[27] 0.90 eV (90.1 kJ/mol) for 
combustion CVD derived cathodes,[99] and 0.65 eV (62.5 kJ/mol) for electrodes fabricated using 
the particle-solution spraying. From the microstructural point of view, the particle-solution 
spraying process offers the advantages of both conventional ceramic techniques and combustion 
CVD. Each GDC particle was surrounded by numerous tiny, nano-sized SSC particles. 
Electrochemical kinetics was thus dramatically enhanced.  
The particle-solution spraying process combines the merits of combustion and flame 
spraying. SSC precursors serve as bonding agent for GDC solid particles as well as active 
composite component.  The unique structure created by this process contributes to the superior 
cell performance. Based on the fundamental principle of the process and the observation of 
microstructures, the proposed growth mechanism of the nano-composite cathode is schematically 
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Figure 4-23 (a) Impedance spectra of a single fuel cell as measured using a two-electrode 
configuration.(b) Comparison of interfacial polarization resistances as determined from 
impedance spectra for electrodes fabricated using different techniques: screen-printing,[27] 






















































Figure 4-24 Cell voltages and power densities as a function of current density for fuel cells with 
SSC-GDC cathode SSC-GDC fabricated by the particle-solution spraying process. 
 
The chemical reaction can be retrieved to the combustion flame. As shown in Figure 
4-25(a), microscale liquid droplets containing Sm, Sr, and Co nitrates is sprayed out of orifice of 
the atomizer together with solid GDC particles. Because these precursor species exist in gaseous 
phase throughout the entire combustion flame, nucleation and growth of SSC particles could 
occur at three locations: on the surface of the GDC substrate, within the combustion flame due to 
the high precursor concentration, or on the surface of the readily available GDC particles inside 
the flame. Particle growth, collision, and agglomeration are also expected within the flame 
during deposition.  
At the second stage of growth as shown in Figure 4-25(b), the agglomerates consisting of 








The newly nucleated SSC phase on the substrate and the traveling SSC nano-particles within the 
flame facilitate formation of good bonding between the large agglomerates and the substrate. 
Both sintering and the arrival of new material contribute to the coarsening of the porous 
film grains as illustrated in Figure 4-25(c) and (d). This process continues until the deposition is 
terminated. The final microstructure has fractal features: each large grain consists of smaller 
particles, which in turn contains even smaller particles. The resulting porous structures have 
large pores for rapid gas transport and extremely large surface area for fast electrochemical 




A particle-solution spraying process has been developed for fabrication of nano-structured, 
highly porous electrodes for solid oxide fuel cells. GDC particles suspended in an SSC−ethanol 
solution were burned in a combustion flame, depositing a porous cathode on an anode supported 
GDC electrolyte. Extremely small interfacial polarization resistances were obtained, especially at 
low temperatures such as 450°C (1.06 Ωcm2) and 500°C (0.45 Ωcm2). A peak power density of 
385 mW/cm2 was achieved at 600°C. The superior performance was attributed to the unique 
microstructure: pre-introduced GDC powders were bonded by nanosized SSC particles 

































(c) (d)  
 
 Liquid droplet containing Sm, Sr, Co nitrates 
 
 SSC solid particle 
 
 GDC solid particle 
 
Figure 4-25 Schematic illustrations of the formation processes of the porous SSC-GDC 
composite cathodes: (a) three nucleation sites of SSC nano-particles, (b), (c), and (d) different 








4.4 Electrodes Fabricated by A Modified Combustion Spray Process 
 
Highly porous films and/or coatings with extremely large surface areas are important to 
many applications such as catalysis, chemical sensing, and energy storage and conversion. In 
particular, fabrication of highly efficient porous electrodes for solid oxide fuel cells (SOFCs) 
represents a great challenge facing the successful realization of low-temperature SOFCs. To date, 
various fabrication processes have been studied, including physical and chemical deposition 
processes based on slurry, solution, or vapor phase.[8, 27, 55, 96, 97, 131-136]  
The conventional approaches such as tape-casting,[132] dry-pressing,[131] screen-printing,[27] 
and spin-coating[8] have the merits of simplicity, high productivity, and good repeatability. 
However, the requisite post-process sintering at high temperatures for a prolonged period of time 
often leads to limited surface area and poor electrochemical performance. Accordingly, advanced 
techniques for producing high-quality porous electrodes have been explored, including chemical 
vapor deposition,[133] rf magnetron sputtering,[134] microwave plasma coating,[135] laser-assisted 
deposition,[136] electrostatic spray deposition (ESD),[55] and flame assisted vapor deposition 
(FAVD).[96, 97]  
 
Recently, a relatively new technique, combustion CVD has been adopted to fabricate 
SOFC components.[98, 99, 129] Porous composite electrodes with nano-structured features and 
excellent electrochemical performances have been successfully prepared using combustion CVD. 
Later, the combustion CVD process (that uses only soluble precursors) was further modified by 
introducing one component of the composite electrodes, Gd0.2Ce0.8O2 (GDC), in the form of 
solid particles.[137] The other component of the composite electrodes, Sm0.5Sr0.5CoO3 (SSC), was 
introduced as a liquid (metal nitrates dissolved in a flammable solvent), formed during 







rather solution precursors are low cost and the elimination of solubility limitation. In this study, a 
new process, combustion spray is invented for fabrication of porous films and coatings. In this 
approach, all components of the electrode material are introduced as solid particles carried by a 
flammable liquid. SOFC cathodes fabricated by this method showed much lower interfacial 
polarization resistances at relatively low operating temperatures. 
 
4.4.1 Description of the Process 
Combustion spray is mainly a physical deposition process, which utilizes solid powders in 
the size range of nanometer up to millimeter suspended in flammable liquid carrier. The detailed 
apparatus setup is schematically illustrated in Figure 1. Solid powders are suspended in an 
organic liquid carrier by magnetic or ultrasonic stirring or other mechanisms. The resulting 
mixture is then transported into an atomizer where a fine mist of solution is generated using 
high-pressure oxidant gas such as air or oxygen. After ignition, a combustion flame is created 
and sustained by a small pilot ox-hydrogen pilot flame. Upon burning, collision and sintering of 
the contained solid particles occur. A coating could be formed if a substrate is present within or 
near tip of the flame. 
A simple mechanism was employed to atomize the suspension. The atomizer consists of 
two concentric stainless steel tubes. The outer tube has an outer diameter of 3.2 mm and the 
inner tube has an outer diameter of 0.79 mm. Mixture of solid powder and flammable liquid 
carrier is supplied to the inner tube. Atomizing oxidant gas is introduced into the gap between 
the two tubes. Upon leaving the concentric tubes, the high-pressure gas mixes with the solid-






























Figure 4-26 A schematic apparatus for combustion spray. 
 
Alternatively, solutions containing desired precursors instead of pure liquid might be used 
together with solid powders. Two purposes can be achieved: enhancing bonding between 
particles and particle-substrate when porous films are produced, or producing an active coating 
on the surface of existing solid powders when double layer particles are desired. 
The combustion spray process distinguishes itself from any chemical vapor deposition 
processes since it is manly a physical method. Meanwhile, combustion spray is different from all 
approaches using pure solutions or dry powders as feeding materials[138] because combustion 
spray directly utilizes solid particles carried by a flammable liquid. Further, combustion spray is 
different from approaches using heating sources other than a combustion flame. In particular, 








Spray pyrolysis is a thin film forming technique in which a solution is sprayed onto a heated 
substrate to form a film. The resulting film usually receives additional heat treatment to form the 
desired phase(s). Another one is thermal spraying, in which dry powders are fed into a gas 
combustion torch (flame spraying) or plasma torch (plasma spraying), and the melted materials 
are splattered onto the substrate to form a film. Although a variation of flame spraying uses a 
solution instead of a powder as feeding materials,[139, 140] so far there is no method found 
employing a flammable liquid to carry the solid powder. The method most similar to combustion 
spray is the technique termed combustion CVD, in which the combustion flame is created by the 
flammable solution rather an additional torch.[58] However, it uses solutions containing precursor 
species, instead of solid powder. 
The major advantages of combustion spray over other existing film deposition processes 
include dramatic reduction in capital investment and operating costs, great flexibility, easy 
process control, availability of raw materials, little environmental impairment, capability of 
producing multi-layer structures, and flexibility in composition. Combustion spray is carried out 
in open atmosphere. The thermal environment for bonding of particles and substrate is provided 
by the combustion flame. No reaction chamber, furnace, or auxiliary heating source is necessary 
for this process. Solid particles rather expensive organic reagents common for other deposition 
processes are used, significantly reducing deposition cost and eliminating solubility problem. 
The open-air condition makes it very easy to adjust and control deposition parameters at any 
stage during deposition. The use of inexpensive, readily available raw materials (usually oxides) 
also brings environmental advantages comparing with other deposition process where toxic 
precursors (e.g., chloride or sulfide) must be used. Further, films fabricated using combustion 








firing processes, in which several hours of high temperature sintering is often required, the 
combustion spray approach takes only a few minutes to achieve a film thickness up to 20 µm. 
Combustion spray can be used for deposition of films and coatings with a wide variety of 
compositions, structures, and morphologies, from thin films to thick coatings, from dense films 
to porous films, and also for surface coated particles. Some of the potential applications include 
(a) porous films for energy storage and conversion, such as electrodes for solid oxide fuel cells, 
batteries, and sensors; (b) catalysts for chemical reactions; (c) dense oxide coating for high-
temperature applications; (d) semiconductors and buffer layers; and (e) electro-potic materials 
and devices. 
 
4.4.2 Experimental Procedures 
Anode (65wt.% NiO − 35wt.% GDC) supported GDC substrates were prepared by co-
pressing follwed by sintering as described elsewhere.[17] Cathodes were deposited onto the 
substrates using a combustion spray process. Powders of SSC and GDC (Rhodia E & C, 
Cranbury, NJ) have an average particle size of 0.9 and 0.3 µm, respectively. The solid particles 
of SSC and GDC were put in ethanol in a weight ratio of 7:3. Before deposition, the solid-liquid 
mixture was ultrasonically dispersed to break down particle agglomeration. During deposition, a 
magnetic stir bar was used to prevent particles from settling down. Deposition was carried out at 
1250°C for 10 minutes. Deposition temperature was measured by placing type K thermocouples 
near substrate surfaces. 
The microscopic features of the prepared electrodes were characterized using a scanning 
electron microscope (Hitachi S-800) equipped with an energy dispersive spectroscopy (EDS) 








from 450°C to 650°C. Impedance spectra were typically acquired in the frequency range from 
0.01 Hz to 100 kHz with an EG& Potentiostat/Galvanostat (Model 273A) and a Lock-in 
Amplifier (Model 5210).  
 
4.4.3 Results and Discussion 
 Shown in Figure 4-27(a) is a cross-sectional view of an SOFC with a composite cathode 
consisting of SSC and GDC fabricated by combustion spray. The bottom layers are a 30 µm 
dense GDC electrolyte supported by a porous anode consisting of 65wt.% NiO and 35wt.% GDC 
and the top layer is a 40 µm thick cathode prepared using combustion spray. A higher 












Figure 4-27 (a) A cross-sectional view of a solid oxide fuel cell with SSC-GDC cathode 









Figure 4-27(b), shows that the sizes of most grains are in the range of 0.5 to 2.0 µm and the 
grains are well attached to each other. The necking or bridging between grains is evident. 
Meanwhile, very large voids present between grains. This microscopic characteristic is different 
from samples prepared by conventional dry pressing and firing processes, in which 
interconnected gas channels are limited. Another obvious feature is that most grains have a 
spherical shape; however, some grains are faceted, suggesting limited vapor phase mass transport 
has occurred during deposition.  
Shown in Figure 4-28 are some typical impedance spectra of the fuel cells as measured at 
450°C to 650°C. It appears that each spectrum consists of at least two overlapped loops, 
implying that more than two processes have contributed to the impedance responses.  While it is 
not clear how to correlate the details of the impedance features with interfacial processes, it is 
straightforward to determine the total interfacial polarization resistances of the cell, Rp. Since 
GDC has some electronic conduction under fuel cell conditions, the interfacial polarization 
resistances cannot be directly read from the impedance data. Open cell voltages and Nernst 
potential have been combined with the impedance data to calculate the interfacial polarization 
resistances.[116] After the correction due to electronic conduction of GDC, the interfacial 
polarization resistances of the cell at 500 and 600°C were 1.045 and 0.195 Ω cm2, respectively, 
as shown in Figure 4-28(a). Shown in Figure 4-28(b) are the interfacial polarization resistances 
compared with data for cells of identical composition with electrodes fabricated using screen-
printing. The interfacial polarization resistances for the cell with cathodes fabricated by 
combustion spray are comparable to those with screen printed electrodes at 550°C to 600°C, but 
a little smaller at temperature below 550°C. In addition, the activation energy for combustion 








interfacial polarization resistances (Rp) include both the anode-electrolyte polarization resistance 
(Rp,a) and the cathode-electrolyte (Rp,c) polarization resistance. However, the anode-electrolyte 
(Rp,a) polarization resistances remain the same for all cells and are relative small.[17] 
Shown in Figure 4-29 is the performance of the fuel cell operated at different temperatures. 
The peak power densities at 500, 550, 600, and 650°C were 145, 248, 352, and 425 mW/cm2, 
respectively. The electrochemical performance of the fuel cell with cathode prepared by 
combustion spray is equal or better than those fabricated using conventional firing processes, 
which usually require 3 to 5 hours of high temperature sintering. 
 
4.4.4 Summary 
A combustion spray process has been developed for fabrication of porous electrodes for solid 
oxide fuel cells. Solid ceramic particles, suspended in a flammable liquid carrier, are fed to an 
atomizer where a fine mist of solution is generated and combusted. The high velocity flame 
provides the energy needed for collision and sintering of the contained solid particles to produce 
porous electrodes. The demonstrated fast deposition rates (i.e. 40 µm in 10 min) and the 
elimination of post-deposition firing make this process practically valuable. This technique has 
been successfully used for fabrication of porous SSC-GDC cathodes for SOFCs. The 
performance of the porous SOFC electrodes fabricated by combustion spray is equal or better 





















































































Figure 4-28  (a) Impedance spectra of a single fuel cell as measured using a two-electrode 
configuration, and (b) comparison of interfacial polarization resistances as determined from 






































































Figure 4-29 Cell voltages and power densities as a function of current density for fuel cells with 








 4.5 Porous Ceramic Monoliths Created by the Removal of a Sacrificial Metal Oxide Phase 
during Sintering  
 
Porous structures play crucial roles in many applications such as medical implants, [123, 124] 
heat insulation and/or thermal shock resistant structures,[122] chemical catalysis,[141] water 
purification,[142] gas separation,[143] sensors,[144] and fuel cells.[1, 33] Many different strategies have 
been adopted to control morphology, size and size distribution, the total volume, and 
connectivity of the voids in porous materials. Template method is one of the most popular 
approaches for creating pores with desired size and geometry. With is method, uniform     porous 
nanostructures (e.g. nanotubes and honeycombs) have been produced by template methods.[145-
147] 
Porous microstructures can be created by controlled sintering of particles. The degree of 
sintering can be controlled by adjusting sintering temperature, sintering time, atmosphere, 
pressure, and the amount of sintering additives.[148]  
An interesting methodology for creating desired level of porosity is found in the fabrication 
of solid oxide fuel cell (SOFC) anodes, where porosity is caused by the volume change occurred 
when NiO is reduced to Ni metal.[27] To fabricate SOFC anodes, appropriate amount of NiO and 
YSZ (or GDC) powders are dry pressed and sintered to achieve full density at temperatures 
range of 1300-1500°C. Under cell operation conditions, NiO is reduced in-situ by hydrogen fuel. 
Approximately 33% volume change is induced during the reduction of NiO to Ni. The total 
amount of porosity in the cermet is determined by the ratio of NiO to YSZ (or GDC) and cannot 
exceed 33%.  
Variation in porosity can be achieved by adding so-called “pore formers” (e.g. graphite and 








forming stages, such as tape-casting and dry pressing. They are burned off in the earlier stages of 
sintering. Sometimes distortion or even collapse of the host material is observed during the 
following up sintering, especially when large amount pore formers is used. In addition, these 
type of pore formers are not suitable for fabrication processes requiring high temperature or high 
energy for initial shape formation, such as plasma pyrolysis and laser ablation. 
To avoid this problem, ceramic “pore formers” such as ZnO are chosen to replace the more 
commonly used carbon and hydrocarbons. In this method, two immiscible oxide phases (the host 
material and the pore former) are intimately mixed together. One component is then selectively 
leached out chemically or by reduction/evaporation, leaving an equal amount of porosities in the 
host material.[152-156] This technique is not practically viable since either a long time is required 
for chemical leaching (e.g. at least 72 hours) or additional gas reduction reaction is involved.[152] 
Moreover, host materials might also be reduced to metal elements when gas reduction method is 
used. 
Here we demonstrate a new simple method to prepare highly porous ceramics. CeO2-SnO2 
nanocomposite powder was synthesized using combustion CVD process from a single precursor 
solution. SnO2 phase was then evaporated during high temperature sintering, leaving behind 
open matrix of CeO2. Neither chemical leaching nor gas reduction is necessary for this new 
approach. This simple method has great potential for preparation porous materials for many 
applications such as solid oxide fuel cells, gas sensors, gas separation, and chemical catalysis. 
 
4.5.1 Experimental 
CeO2-SnO2 nanocomposite powder was prepared using a combustion CVD approach. The 








Sn(II) 2-ethylhexanoate, and/or Ce(III) 2-ethylhexanoate (from Strem®) were dissolved in an 
organic solvent. The solution was sprayed out of an aerosol generating nozzle and combusted 
with the assistance of methane/oxygen gas mixture. The resulting nanopowder was collected 
using a specially designed condenser. Three different materials of nanopowders were prepared: 
SnO2, CeO2, and 40vol.%SnO2-60vol.%CeO2 composite. For the preparation of 40vol.%SnO2-
60vol.%CeO2 composite nanopowder, precursor matrials containing Sn and Ce were dissolved 
into the same solvent. The resulting single source solution was supplied to the aerosol-generating 
nozzle. For comparison, SnO2 and CeO2 nanopowders were then mixed together in the volume 
ratio of 40:60 by dry-milling. Pellet samples were prepared by dry-pressing 0.2 gram 
nanopowder in a 10 mm diameter steel die at 250 MPa. The green pellets were fired in a high 
temperature tube furnace (Lindberg®) at temperature range of 1450°C for 5 hours. Some of the 
samples were heat treated in reducing atmosphere (4% H2 balanced with argon) at 727°C for 2 
hours.  
Morphologies of the as-prepared nanopowders were characterized using a transmission 
electron microscope (TEM, JEOL 100C). Crystallographic structures were identified on an X-ray 
diffractometer (XRD, Phillips PW-1800) at a scanning step of 0.01°/min. Sintered samples were 
observed on a scanning electron microscope (SEM, Hitachi S-800) equipped with an energy 
dispersive spectroscopy (EDS) attachment. 
 
4.5.2 Results and Discussion 
X-ray diffraction (XRD) patterns of the as-prepared SnO2, CeO2, and 40vol.%SnO2-
60vol.%CeO2 composite powder were plotted in Figure 4-30. The strong intensity of the peaks 








fluorite structure with lattice constant a = 5.411Å (JCPDS card # 43-1002). SnO2 powder was 
identified as a tetragonal rutile structure with a = 4.738Å and c = 3.187Å (JCPDS card # 41-
1445). The 40vol.%SnO2-60vol.%CeO2 composite powder also showed a profile with distinct 
peaks, which is exactly the combination of individual CeO2 and SnO2 XRD patterns, further 
confirming that the two phases are immiscible. In the XRD pattern for 40vol.%SnO2-
60vol.%CeO2 composite powder, the intensity of SnO2 was much weaker than that of CeO2 
nanopowder. This is because the mass percentage of SnO2 was about 37.5%. 




















































Morphology of as-prepared nanopowders was analyzed with TEM. Figure 4-31 shows bright 
field TEM images of SnO2, CeO2 and 40vol.%SnO2-60vol.%CeO2 composite powder. The insets 
are the corresponding selected area electron diffraction (SAED) patterns, which indicate all the 
samples were highly crystallized. SnO2 particles (Figure 4-31a) had a polygonal morphology 
with a size between 20 to 50 nm. CeO2 powder (Figure 4-31b) had about the same size but 
showed a parallelogrammic shape. In the 40vol.%SnO2-60vol.%CeO2 composite sample, the two 
kinds of nanoparticles can be distinguished by their unique morphologies (Figure 4-31c). For 
free grown crystalline particles, their surfaces usually are low energetic, low index compact 
planes. For tetragonal SnO2, {101} planes are the most compact ones (noting lattice constant c is 
less than a and b for SnO2). The interplanar angle between {101} planes is calculated to be 95.8°. 
This is in good agreement with our TEM observations as shown in Figure 4-31a (e.g. particle 1). 
CeO2 has a cubic structure. The angle between its most compact planes, {111}, is 70.5° (or 
109.5°) (see particle 2 in Figure 4-31b and particle 3 in Figure 4-31c). 
SnO2 and CeO2 nanopowders prepared separately via combustion CVD were mixed together 
in volume ratio of 40:60 and pressed in a steel die. Figure 4-32 shows the microstructures of the 
pellets after sintering and further reduction. Shown in Figure 4-32a is the surface view of a pellet 
sintered at 1450°C for 5 hours. The average grain size has grown to around 1 µm. Many open 
pores can be observed on the surface, which could be the consequence of insufficient sintering or 
loss of material. Noting the difference of the original particle size (10 nm) and the size of the 
sintered grains, it is more likely that the partially open microstructure was caused by the 
evaporation of one component of the oxide mixture. Since the melting points of bulk SnO2 and 






























Figure 4-31 TEM bright field images and the corresponding selected area electron diffraction 





























Figure 4-32 SEM images of pellet prepared with 40vol% SnO2 − 60vol% CeO2 nano-powders. 
SnO2 and CeO2 nano-powders were prepared by combustion CVD separately and then mixed 
together. (a) Surface view of pellet sintered at 1450ºC × 5 hrs. (b) Cross-sectional view of pellet 
sintered at 1450ºC × 5 hrs. (c) Surface view of pellet after reduction at 750ºC × 3 hrs. (d) Cross-







Shown in Figure 4-32b is the cross-sectional view of the sintered sample. The bottom part is 
close to the pellet surface. It is noticed more SnO2 in the surface region than in the inner region 
has been removed. The more porous region only extended to 30µm underneath the surface after 
5 hours’ sintering. 
The sintered compacts were further treated in reducing atmosphere (4%H2 balanced with 
argon) at 727°C for 2 hours. Figure 4-32c and Figure 4-32d are the surface and internal 
microstructures of the sample. Apparently, SnO2 phase has been completely removed after 
reduction in hydrogen, leaving an interconnected, highly open structure with pore size in the 
range of 0.5 to 1 µm. 
Microstructures of 40vol.%SnO2-60vol.%CeO2 composite samples prepared from a single 
precursor source are shown in Figure 4-32. Both the surface view (Figure 4-33a) and cross-
sectional micrograph (Figure 4-33b) reveal an extraordinarily open structure. Either the solid 
phase or the void is interconnected. The microstructure of the sample after reduction in hydrogen 
is shown in Figure 4-33c and Figure 4-33d. There was no significant change in microstructure 
could be observed, indicating most of the SnO2 phase has been completely removed after 
sintering at 1450°C for 5 hours.   
CeO2 is a very stable ceramic even at high temperature and under reducing atmosphere. On 
the contrary, SnO2 can easily be reduced to tin element and evaporated since the melting point of 
tin is only 231.93 °C. The Gibbs free energies for CeO2, SnO2 and H2O at 1000 K are -2013.469, 
-666.256, and 448.687 kJ/mol respectively.[157] Thus the Gibbs energies for the following 
reactions can be calculated: 
CeO2 + 2H2 =  Ce + 2H2O                          ∆G = 288.76 kJ/mol           (1) 





























Figure 4-33 SEM images of pellet prepared with 40vol% SnO2 − 60vol% CeO2 nano-powders 
made by combustion CVD from single precursor solution. (a) Surface view of pellet sintered at 
1450ºC × 5 hrs. (b) Cross-sectional view of pellet sintered at 1450ºC × 5 hrs. (c) Surface view of 









Clearly, CeO2 is stable in hydrogen while the reduction of SnO2 to Sn metal is 
thermodynamically favored. 
The difference in removal rate of SnO2 in the as-prepared and dry-milled 40vol.%SnO2-
60vol.%CeO2 samples during sintering may be attributed to the distribution of SnO2 phase. Even 
after long time milling, agglomerates of SnO2 still exist in the mixture. On the contrary, for 
40vol.%SnO2-60vol.%CeO2 sample prepared from single precursor source, SnO2 phase was 
uniformly distributed throughout the sample.  
Our new method is very attractive for many potential applications such as solid oxide fuel 
cells, solid-state gas sensors, catalysis, and gas separation. It has the merits of simplicity and 
timesaving. In addition, this method can be incorporated into traditional ceramic production 
routines without introducing extra fabrication procedures. For example, solid oxide fuel cells 
with porous electrode and dense electrolyte layers could be produced by co-sintering of multiple 
layer materials. As mentioned earlier, porosity in SOFC electrodes can be created by the use of 
low “burning-off” temperature pore formers (e.g. graphite and cellulose). However, these 
materials cannot be used in some of the state-of-the-art fabrication techniques such as plasma 
pyrolysis, laser ablation, and combustion CVD, in which high temperature/energy is involved. 
Out new method is compatible with these revolutionary techniques as well as the traditional 
ceramic fabrication approaches. If there is some material loss during fabrication, the amount of 
loss can be easily taken into consideration when preparing the precursor solution.  
 
4.5.3 Summary 
We have demonstrated a new, simple route for preparing highly porous ceramic monoliths 
through the removal of metal oxide (SnO2) during high temperature sintering. Unlike the existing 








gas reduction procedures. The most critical step for our new approach is the preparation of 
intimately distributed 40vol.%SnO2-60vol.%CeO2 composite nanopowder using combustion 
CVD. SnO2 phase was removed during high temperature sintering. This method provides a 
simple way to introduce additional porosity into ceramic materials, and can be directly 










4.6 SOFC Anodes with Metal Oxide Induced Porosity Variation  
 
Performances of solid oxide fuel cells (SOFCs) at reduced operating temperatures are 
primarily limited by electrochemical kinetics at the electrolde/electrolyte interfaces, which is 
indicated by the dominating overpotentials and polarization resistances at the interfaces.[27, 127, 
158] To improve interfacial condition, different cell configurations and fabrication approaches 
have been adopted to improve interfacial conditions of SOFCs.[19, 20, 56, 159] For example, a thin 
intermediate CeO2 layer between electrode/electrolyte was found beneficial to electrochemical 
performance of SOFCs.[160] SOFCs with electrodes fabricate by combustion CVD showed higher 
porosity and stronger bonding among electrode grains and between electrodes and electrolyte, 
which are reflected by much lower interfacial polarization resistances.[99] 
It has been demonstrated that graded structures could facilitate gas transport and enhance 
solid-state kinetics. It is relatively easier to produce composition gradient in electrodes than 
create microstructure variations. SOFCs electrodes with multi-layers differing in compositon 
have been reported by several research groups.[52, 104, 126, 161] Recently, nanostructued and 
functionally graded cathodes were fabricated by a combustion CVD process.[162] These 
electrodes were graded in composition, which had more electrochemical reactive material (LSM) 
at electrode/electrolyte interface, and contained more electronic conductive phase (LSC) when 
approaching the air/fuel side. Meanwhile, pore size variation was achieved managing particle 
size at different regions of the cathode layer. 
 
A practical strategy for increasing porosity in SOFC electrodes is to use pore formers (e.g. 
graphite and cellulose). High volume of voids has been created for later impregnation of active 
electrode materials.[57] However, distortion even collapse of the host material may occur during 







400ºC) than sintering temperatures (higher than 1350°C). Here we demonstrate a new method to 
create additional porosity in SOFC anodes using metal oxide as a sacrificial phase. Tin dioxide 
nanopowders together with anode materials (NiO-GDC) were prepared using combustion CVD 
process from a single precursor source. SnO2, serving as a pore creator, was partially removed 
during sintering and completed eliminated in situ during cell testing.  
 
4.6.1 Experimental 
The design of the anode-supported cell is illustrated in Figure 4-34. The anode has two 
layers, differing in the level of porosity: the bottom half layer is more porous than the top half 
layer, which is in contact with the GDC electrolyte. The complete cell was fabricated by co-
pressing (bilayer anode and thin electrolyte) and screen-printing (cathode). NiO and Gd0.1Ce0.9O2 
(GDC) powder was prepared separately by glycine-nitrate process (GNP).[27] NiO powder was 
mixed with GDC powder in weight ratio of 35:65 by dry-milling. Composite nanopowder 
(20wt%SnO2-50wt%NiO-30wt%GDC) was synthesized using combustion CVD from a single 
precursor source. To prepare the anode/electrolyte triple-layer structure, the SnO2-NiO-GDC 
composite nanopowder was dry-pressed in a steel die under 100 MPa. The pre-mixed NiO-GDC 
powder was then added on top of the SnO2-NiO-GDC composite layer and pressed at 150 MPa. 
Finally, appropriate amount of GDC powder was distributed on the top and pressed at 250 MPa.  
The triple-layer pellet was removed from the steel die and sintered in air at 1400°C for 5 hours. 
The amount of powder for each layer was controlled to give final thicknesses of 25, 100, and 100 
µm for GDC electrolyte, NiO-GDC, and SnO2-NiO-GDC layer after sintering. Slurry consisting 
of Sm0.5Sr0.5CoO3 (SSC) and 30wt.%GDC was applied on top of the sintered GDC electrolyte by 








to microstructure characterization (SEM, Hitachi S-800)), crystallographic phase identification 
(XRD, PW-1800) and electrochemical tests (Solartron SI1287 electrochemical interface coupled 
with SI1255 frequency response analyzer). Electrochemical performances were measured in 

















Figure 4-34 A schematic of anode supported SOFC. Bilayer anode and GDC electrolyte were co-
pressed and sintered at 1400ºC for 5 hours. SSC-GDC cathode was screen-printed onto the 













4.6.2 Results and Discussion 
The SnO2-NiO-GDC composite powder was prepared by combustion CVD process. 
Precursor materials containing the desired metal specials were mixed together in an organic 
solvent. The solution was pumped into an aerosol generating nozzle and combusted with oxygen 
and methane. The resulting nanopowder was collected in a specially designed device. Figure 
4-35 shows x-ray diffraction (XRD) pattern of the as-prepared SnO2-NiO-GDC composite 
powder. Well-resolved peaks could be identified as individual SnO2, NiO and GDC phases. 
There were no intermediate or undesired crystallographic phases detected from XRD spectra. 
 
 



























Figure 4-36 shows microstructures of electrolyte and anode before and after cell testing. 
Shown in Figure 4-36(a) is the GDC electrolyte and NiO-GDC interface after the co-pressed 
triple-layer pellet was sintered at 1400°C for 5 hours. It can be observed that GDC electrolyte is 
fully dense except a small amount of isolated voids. In the NiO-GDC anode, two distinct phases 
can be easily identified: dark, large NiO grains and light GDC phase distributed around NiO 
grains. The NiO-GDC and SnO2-NiO-GDC boundary is shown in Figure 4-36(b). It is noticed 
that SnO2-NiO-GDC region has already had some porosity. This is due to partial removal of 
SnO2 nanopowder during high temperature sintering since the melting temperature of SnO2 is 
only 1630°C. For nanosized SnO2 powder, its melting point is even lower. Out experimental data 
indicate SnO2 phase within SnO2-NiO-GDC composite material can be completely removed at 
1450°C. After tested for electrochemical performance, the sample was examined using SEM for 
any microstructure change. Shown in Figure 4-36(c) is the micrograph of GDC electrolyte and 
NiO-GDC anode interface after cell testing. Since NiO has been fully reduced to Ni metal, the 
anode material become porous. The boundary between NiO-GDC and SnO2-NiO-GDC within 
the anode is shown in Figure 4-36(d). Though the entire structure is highly porous, the two anode 
layers can still easily be distinguish by the level and distribution of porosity. Large voids can be 
observed in NiO-GDC layer due to the irregular shape of original NiO particles. On the contrary, 
pore size in SnO2-NiO-GDC layer is much smaller and more uniform. The total amount of voids 
in SnO2-NiO-GDC layer is apparently higher than that in NiO-GDC layer. 
According to theoretical calculation, there is 33% change in density when NiO (6.7 g/cm3) is 
reduced to Ni metal (8.9 g/cm3). The total porosity in Ni-GDC layer is about 27.1% if full 
density is assumed. For SnO2-NiO-GDC layer, 40.8% porosity is expected after NiO is reduced 




































Figure 4-36 Cross-sectional SEM images of SOFC anode and electrolyte. (a) GDC electrolyte 
and NiO-GDC interface after sintering. (b) NiO-GDC and SnO2-NiO-GDC boundary after 
sintering. (c) GDC electrolyte and NiO-GDC interface after cell testing. (d) NiO-GDC and SnO2-








Electrochemical performance of the fuel cell is plotted in Figure 4-37. Shown in Figure 
4-37(a) is the impedance semi-loops measured at 500-650°C. For convenience, bulk resistances 
have been deducted from the original data. Interfacial resistances read from the intercepts were 
1.20, 0.49, 0.22, and 0.1 Ωcm2 at 500, 550, 600, and 650°C, respectively. In Figure 4-37(b) 
interfacial resistances of the cell are further compared with literature data, which were measured 
on SOFCs with similar composition but uniform anode structure. Interfacial resistances 
measured in this work are lower than those of cells with similar composition (anode supported 
cell, fabricated by co-pressing and screen-printing),[27] close to those of the cell with cathode 
fabricated by combustion CVD at the corresponding testing temperatures.[99] 
The close circuit voltage and output power density are plotted in Figure 4-37(c) as a function 
of current density passing through the cell. Peak power densities measured at 500, 550, 600, and 
650°C are 171, 301, 441, and 544 mW/cm2, respectively. These values are also higher than those 
reported in literature. [27] For anode supported SOFCs, mass transport of fuel gas and water vapor 
in the anodes may hinder the entire electrochemical kinetics. High porosity is thus crucial for 
theses anodes. Our bilayer anodes with porosity variation seem to at least alleviate the gas mass 
transport problem.  
 
4.6.3 Summary 
A bilayer anode supported SOFC with was constructed by co-pressing and screen-printing. 
The bottom layer (fuel gas side) consisted of 20wt%SnO2-50wt%NiO-30wt%GDC composite 
nanopowder prepared by combustion CVD. SnO2 was eliminated from the anode during 
sintering and cell testing, resulting in additional porosity in the anode layer. Good 
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Figure 4-37 Electrochemical performance of the SOFC with porosity differed bilayer anode 
measured at temperature range of 500-650°C. (a) impedance measurements of the cell (bulk 
resistances have been deducted). (b) comparison of interfacial resistances of anode supported 
cells with similar composition: screen-printed cathode and single layer anode,[27] combustion 
CVD deposited cathode and single layer anode,[99] and screen-printed cathode and porosity 
differed double layer anode (this work).  (c) close circuit voltage and output power density as a 









CHAPTER 5 NANOSTRUCTURED SNO2 THIN FILMS FOR GAS SENSORS  
 
Highly sensitive and reliable gas sensors are vital to many applications such as monitoring 
and control of air quality, detection of flammable or toxic gases, electronic noses, medical 
diagnosis, and optimization of combustion efficiency. Tin dioxide is an n-type semiconductor 
widely used for gas sensors. The gas detection mechanism is based on the reversible change in 
conductivity of the surface of SnO2 particles/grains induced by gas-solid interaction.[163] Several 
strategies have been adopted to enhance the performance of SnO2 gas sensors, including doping 
with aliovalent ions (e.g., Cu, Zn,[164] In[165]),catalytically active additives (e.g., Pt and Pd),[166, 
167] and addition of carbon nanotubes.[168] 
Further, it is well known that gas-sensing characteristics of SnO2 can be dramatically 
altered by morphological and microstructural features of the sensing elements such as particle 
size, shape, surface/volume ratio and porosity. Ultra-thin films, porous films, and more recently, 
nanocrystalline films of SnO2 have been fabricated by a variety of approaches, such as 
evaporative methods,[169, 170] sputtering,[171, 172] chemical vapor processes,[173] and chemical 
solution techniques.[174, 175] Many of these techniques suffer from one or more drawbacks such as 
low deposition rate, prolonged post-process annealing time, and expensive target/precursor and 
fabrication. Combustion chemical vapor deposition (CVD) is a cost-effective and versatile 
process capable of producing films with a wide variety of morphologies. Highly porous and 
nanostructured films have been synthesized for energy storage and conversion applications such 
as solid oxide fuel cells and batteries. 14, 15 In this study, a nanostructured, thin-film SnO2 gas 
sensor with interdigitated Pt electrodes is fabricated using a cost-effective combustion CVD 
process. The extremely porous SnO2 thin film demonstrated exceptionally high sensitivity and 









Platinum interdigitated electrodes were fabricated on 25.4 mm × 76.2 mm quartz slides. 
Titanium (20 nm in thickness) was deposited on quartz slides to improve the adhesion of metals 
on the substrates. The platinum was then deposited by DC sputtering over the thin titanium layer. 
The patterned platinum electrode stripes are 10 µm wide and the spacing between two adjacent 
electrode stripes is 10 µm. There were in total 40 stripes on each pattern. Approximately 20 
patterned electrodes were fabricated on each quartz slide and were cut into individual pieces 


















Figure 5-1Schematic of interdigitated Pt electrodes design 
 
SnO2 thin film gas sensors were deposited on patterned platinum electrodes using a flame 








and devices recently. 14, 15 Precursor solution was prepared by dissolving Tin (II)-2-
ethylhexanoate (Aldrich) in absolute ethanol. Deposition was carried out at 850°C for 20 
minutes. For structural analysis, a XRD sample was prepared on a clear quartz slide without Pt 
electrodes under identical conditions. 
The structure and morphology of the as-prepared samples were characterized using an X-
ray diffractometer (XRD, Phillips PW 1800) and scanning electron microscope (SEM, LEO 1530 
thermally-assisted FEG). 
Ethanol sensing tests were conducted in a tube furnace from 200°C to 500°C at a 50°C 
interval. Dry air and air-ethanol vapor mixture was delivered to the furnace via a three-way valve 
at a constant rate of 100 sccm. The current flowing through the SnO2 sensor was registered using 
a Solartron 1285 potentiostat interfaced with a PC at an applied constant voltage of 100 mV. The 
gas sensor testing apparatus is shown in Figure 5-2. Initially, tests were conducted from 200°C to 
500°C using a constant ethanol vapor concentration of 500ppm. Once the temperature of highest 
sensitivity was identified, experiments were carried out at that temperature using ethanol vapor 










































5.2 Results and Discussion 
Shown in Figure 5-3(a) is an SEM image of Pt interdigitated electrodes with a line width of 
10 µm and line space of 10 µm. Pt strips are straight and well defined. Figure 5-3(b) is a top 
view of the SnO2 gas sensor film deposited at 850°C. The film consists of small particles, most 
of which are smaller than 1 µm with the exception of some particles are as large as 3 µm in 
diameter. The top-view SEM micrograph also reveals a trace of Pt interdigitated electrodes, 
indicating the deposited SnO2 film is thin and semi-transparent. As seen from a higher 
magnification micrograph of the SnO2 film, Figure 5-3(c), each individual agglomerate that 
appears in Figure 5-3(b) actually consists of much finer crystals less than 30 nm in diameter. 
Figure 5-3(d) shows a cross-sectional SEM micrograph of the sample. The left portion shows 
SnO2 thin film directly deposited on quartz substrate, while the right part shows SnO2 film grown 
on Pt electrode. The SnO2 film is about 1 µm thick and each grain has a columnar orientation. 
Shown in Figure 5-4 is an XRD pattern for a SnO2 film sample prepared on a quartz slide 
under the same deposition condition as for the SnO2 sensor shown in Figure 5-3. The intensities 
and locations of all the peaks match those on JCPDS# 41-1445, confirming the as-deposited 




























Figure 5-3 (a) SEM image of platinum interdigitated electrodes with a strip width of 10 µm and 
line space of 10 µm. (b) Top view of nanostructured SnO2 gas sensor fabricated at 850°C by a 
combustion CVD process. (c) Higher magnification SEM micrograph of SnO2 thin film, showing 
each individual particle is less than 30 nm. (d) Cross-sectional view of SnO2 sensor. The left 
portion shows SnO2 thin film directly deposited on quartz substrate, while the right part shows 

























































Figure 5-4 X-ray diffraction pattern of SnO2 film fabricated at 850°C for 20 minutes. SnO2 thin 
film is determined to has a tetragonal structure. 
 
The as-prepared SnO2 films were tested for ethanol sensing behavior from 200°C to 500°C at 
50°C intervals. A typical electrical response of the SnO2 thin film sensor to 500 ppm ethanol 
vapor at 450°C is shown in Figure 5-5(a). Initially, the current flowing through the sample under 
a constant DC voltage of 100 mV was trivial (about 2.2×10-6 A). Upon exposure to ethanol 
vapor, however, the current passing through the film jumped abruptly and reached a steady 
plateau in a relatively short period of time. The response behavior followed an exponential 
correlation.  The recovery process mirrored the initial process with similar characteristics, albeit 








Shown in Figure 5-5(b) are the Arrhenius plots for the response and recovery time, which is 
defined as the time needed to reach 90% of total signal change.  It took 95 seconds for the SnO2 
sensor to respond and 26 seconds to recover at 250°C. However, the response and recovery time 
were reduced to 39 and 11 seconds, respectively, as the operating temperature was raised to 
450°C. Generally, gas sensors made from thin films take less time to reach a saturation plateau 
than to fully recover. However, for SnO2 sensors fabricated by combustion CVD, the speed of 
recovery is actually faster than that of response. Since the sensing material and testing 
parameters were comparable to those reported in literature, the fast speed of response/recovery 
should be attributed to the highly porous and nanostructured morphology of the sensor film. 
As shown in Table 5-1, the response and recovery time are compared with those of SnO2 
sensors fabricated by other approaches. For instance, a SnO2 film sensor tested at 275°C and 
1000 ppm ethanol took 36-45 seconds to respond and 300-420 seconds to recover, while the 
corresponding characteristic constants for sensor fabricated by combustion CVD and tested at 



























































Figure 5-5 (a) Typical
measured at 450°C. (b) 
function of testing temp(a)400 800 1200 1600 2000
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 electrical response of a SnO2 gas sensor to 500ppm ethanol vapor 
Response and recovery time of the sensor to 500 ppm ethanol vapor as a 





















Sol-gel[176] 150 250 3.2   
Spin coating[177] 400 200 6.2 170  
RT CVD[178] 1000 300 100   
EB 
evaporation[179] 
300 300 160   
Not 
specified[180] 
1000 275 280 36-45 300-420 
500 200 50.5 122 39 
100 300 280 55 17 




500 300 1075 31 8 
 
 
Usually, gas sensitivity (S) is expressed as the ratio of electrical resistance in air (Ra) to 
that in the testing gas (Rg): S = Ra/Rg. Sensitivities at different testing temperatures for SnO2 








sensitivity is relatively low (e.g. 50.5 at 200°C), but it increases very rapidly with temperature. 
At 300°C, the sensitivity peaked to its maximum value of 1070. Above 300°C, sensitivity 
gradually decreased as the testing temperature increased further. The trend and the most sensitive 
temperature are in good agreement with data reported in literature.[181] However, as shown in 
Table 1, sensitivities at the corresponding individual testing temperatures are dramatically higher 
than those reported in literature. 
It is well recognized that the sensing behavior of a thin-film gas sensor is extremely 
sensitive to grain size and surface conditions. The gas detecting mechanism of SnO2 is relevant 
to the electron-depletion region on the surface of SnO2 particles/grains created by the pre-
adsorbed surface oxygen. The resulting non- stoichiometry in surface layers leads to a higher 
energy barrier to electron transport through these regions. The energy barrier can be lowered 
when the reducing gas species in the surrounding environment interact with the pre-adsorbed 
surface oxygen.[163] The smaller the grain size, the higher the surface area, and the larger the 
change in electrical conductivity upon exposure to reducing gas species. For comparison, a 
porous film gas sensor consisting of large SnO2 particles showed a sensitivity of 15 when 
exposed to 100 ppm ethanol at 300°C,[182] while our sensor with nanosize grains displayed a 
sensitivity of 280 under the same conditions. The relative conductance changes are also plotted 
on a logarithmic scale in Figure 5-6(b) as a function of ethanol concentration. The ethanol 
concentration dependence follows the well-known power behavior, ∆G/G0=A[Cgas]B, where Cgas 
is the concentration of the testing gas. If we assume a relative variation in conductance of 40%, 
the detection limit at 300°C is 0.05ppm; a great improvement over current sensing devices. Since 
an effective breath analyzer must detect at least 200 ppm ethanol corresponding approximately to 








several orders of magnitude. For 200 ppm ethanol, the relatively conductance change at 300°C is 
46000%. 
The gas sensing behavior of a semiconducting oxide can be attributed to both surface and 
bulk interactions, depending on grain size or film thickness.  If grain size or film thickness is 
much larger than the Debye length λD of the material, the bulk interactions will dominate the 
sensor response. On the other hand, if grain size or film thickness is smaller than or in the same 
order of magnitude as λD, surface interactions will dominate the sensor behavior. [183, 184] The 
large surface to volume ratio of the nanostructured SnO2 thin film suggests that ethanol- SnO2 
interactions on the surface may play an important role. 
The interactions between ethanol and lattice oxygen O in a metal oxide such as SnOO
X
2 can 
be described in general by the following defect reaction (in Kröger-Vink notation): 
 
'
)(2)(2)(52 126326 eVOHCOOHHCO Oggg
X
O +++=+
••                       Equation 5-1 
Similarly, the interactions between ethanol and the surface adsorbed oxygen species[185] such 
as superoxide ion  and peroxide ion  can be described as −2O
−2
2O
3  + C−2O 2H5OH(g) = 3H2O(g) + 2CO2(g)+3                                        Equation 5-2 
'e
3  + C−22O 2H5OH(g) = 3H2O(g)+2CO2(g)+6                                         Equation 5-3 
'e
 
These reactions produce more electrons and thus increase the conductivity of SnO2 (n-type) 
upon exposure to ethanol. The dependence of conductivity on partial pressure of ethanol can be 
derived from these reactions using mass-action law and charge neutrality relations. This will be 
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The retarded recovery speed for most existing gas sensors makes them inconvenient for 
practical use, since either much longer waiting time or higher temperature is required for full 
recovery. The SnO2 thin layers deposited via combustion CVD show dramatically improved 
surface interaction with gas molecules as indicated by the short response time, and, more 
particularly, the super fast recovery speed for ethanol vapor. This behavior can be tentatively 
justified by assuming that nanosized particles imply much higher surface areas, porosity, and 
stronger bonding between particles as well. While the detailed mechanism for the superior 
ethanol sensing performance of the thin film SnO2 sensor is yet to be confirmed, the 
interdigitated nano-porous sensor may have significant scientific and technological implications: 
This makes combustion vapor phase deposited sensors quite interesting for many potential 
applications such as food quality control,[186] alcohol identification, electronic noses, and medical 
diagnosis.  The ultra low detection limit (<1ppm) and high sensitivity offer unique options for 
cost-effective sensors with a greatly improved level of reliability.  Combustion CVD presents a 
cost-effective technique easily scaled up for quick manufacturing of fast acting, highly sensitive, 
and reliable gas sensors.  Further, the sensor can be miniaturized, which is essential to the 
development of integrated and smart systems with compact volume and less power consumption. 
The sensor can also be fabricated in arrays and integrated with a signal-processing unit to further 




In summary, highly porous and nanostructured SnO2 thin film gas sensors with Pt 
interdigitated electrodes have been fabricated via a combustion CVD process. The SnO2 films 







SnO2 gas sensors have been tested for ethanol vapor sensing behavior in the temperature range of 
200−500°C. At 300°C the sensitivity to 500 ppm ethanol vapor was 1075 while the 
corresponding response time and recovery time were 31 and 8 seconds, respectively. The 
corresponding low detection limit was found to be below 1 ppm. Consequently, the as-fabricated 
sensor demonstrated significant improvements over those reported in the literature. These highly 








CHAPTER 6 NANOMATERIALS OF SEMICONDUCTING OXIDES 
 
 
6.1 Aligned SnO2 Nanotubes 
 
Tin dioxide has long been recognized as an important n-type semiconductor. The large 
band gap (3.6 eV at 300 K) and high achievable carrier concentration (up to 6×1020 cm-3 [187]) 
make it an excellent candidate for a wide range of applications such as transparent 
conducting electrodes,[188, 189] solid-state gas sensors,[190, 191] lithium-ion batteries,[192-194] and 
solar cells.[195, 196] It is well known that, for low-dimensional semiconducting materials, size 
confinement may dramatically alter their properties.[197-202] One-dimensional SnO2 
nanostructures have shown to exhibit peculiar chemical and optoelectronic properties.[203, 204] 
Several 1-D SnO2 nanostructures (e.g., nanowires, nanorods, and nanobelts) have been 
synthesized using different methods.[205-210] The synthesis processes usually fall into two 
categories: vapor phase deposition or solution-based crystal growth. While solution-based 
approaches generally offer better control of processing conditions and are easy to achieve 
higher productivity, vapor deposition often yields higher aspect ratio and excellent 
crystallinity due to the higher temperature involved. Although various nanostructures (e.g., a 
single SnO2 nanobelt) have demonstrated exceptional properties (vs. its bulk counterpart) in a 
well-defined laboratory environment, fabrication of functional devices based on these 
nanostructures is still a challenge since it requires not only high yielding but also well 
alignment of these nanostructured units. 
Recently, a simple combustion CVD process has been successfully used to synthesize a 








cross sections.[130] One of the important features of the as-synthesized SnO2 nanotubes is that 
they were oriented perpendicular to the quartz substrates. These rectangular-shaped, thin-
walled SnO2 nanotube arrays may have great potential in fundamental study of 
nanostructures as well as in fabrication of novel devices based on these nanostructures. Here, 
more detailed findings on synthesis and properties of these SnO2 nanotubes are discussed. In 
particular, temperature dependence of lateral size, structure evolution, possible growth 
mechanism, and size confinement effect on Raman spectrum are discussed. 
 
6.1.1 Experimental 
SnO2 tubes were synthesized using a combustion vapor condensation process, which 
has been employed for fabrication of  nano-sized particles, dense coatings, and porous films 
with a variety of morphologies.[58, 98, 99, 129] In this process, organic solutions containing 
desired precursor species are burned in a combustion flame and deposit a layer of oxide 
material on substrates. Detailed description of this process can be found elsewhere.[58, 98] The 
precursor material, Tin (II)-2-ethylhexanoate (Aldrich), was dissolved into absolute ethanol. 
The solution was then transported to a specially designed nanomizer (from Microcoating 
Technologies) by a HPLC pump. Micro- and submicro-scale mists were generated and 
combusted in an open atmosphere. Quartz substrates with the size of 1 cm×1cm were 
inserted into the desired temperature zone within the flame. Depositions were performed at 
temperatures from 850°C to 1150°C with an interval of 100°C.  
The as-grown SnO2 tube arrays were characterized using an X-ray diffractometer 
(XRD, Phillips PW 1800), a scanning electron microscope (SEM, LEO 1530 Thermally-








with an energy-dispersive x-ray spectroscopy (EDS) attachment. Raman spectra were 
obtained using a Renishaw 2000 Raman spectromicroscope scanning from 200 cm-1 to 1000 
cm-1 at room temperature in open-air. An Ar-ion laser beam with a wavelength of 488 nm 
was used to excite the SnO2 nanotube crystals. 
A single SnO2 nanotube gas sensor was fabricated on inter-digitated Pt electrodes. As 
shown in Figure 6-9a, the patterned Pt electrode stripes are 5.5 µm wide and the spacing 
between two adjacent electrode stripes is 3.9 µm. SnO2 nanotubes synthesized on a quartz 
substrate were scratched into ethanol. After ultrasonically dispersed, a drop of the suspension 
was put on the patterned Pt electrodes and dried naturally. The dropping process was 
repeated until a single SnO2 nanotube could be observed bridging two electrodes. Gas 
sensing property was characterized at 400°C by bubbling argon through an ethanol bubbler at 
a gas flow rate of 100 ml/min. The current flowing through the SnO2 nanotube was measured 
using a Solartron 1255 Electrochemical Interface at an applied constant voltage of 50 mV. 
 
6.1.2. Results and Discussion 
Shown in Figure 6-1 are SEM images of SnO2 tubes synthesized at 1150°C for 30 
minutes. Figure 6-1(a) is a cross-sectional view of the as-synthesized SnO2 structure, 
showing relatively uniform lateral size of about 500 nm and length up to 7.0 µm. Each 
individual SnO2 structure appears to be “solid” rod and have a square or rectangular cross 
section. These nanostructures are aligned vertically to the substrate surface. However, more 
careful and closer observation revealed that they actually are hollow inside. Figure 6-1(b) 








SnO2 structure with a fully open end. The tubular nature of these SnO2 structures is well 






















Figure 6-1 Microscopic features of SnO2 tubes synthesized at 1150°C: (a) cross-sectional 
view. (b) a single SnO2 tube with partially opened top end. (c) a SnO2 tube with fully open 
































Figure 6-2 (a) A TEM image of a single SnO2 box beam synthesized at 950°C for 30 
minutes. (b) A HRTEM image and the corresponding SAED pattern near the internal surface 
of a SnO2 box beam. 
 
Shown in Figure 6-2(a) is a transmission electron microscopy (TEM) bright-field 
image of a single SnO2 box-beam, taken oriented with one of its side surfaces perpendicular 
to the electron beam. The contrast between the thin dark perimeter and the light large area in 
the center implies that it has a hollow structure. The cross-sectional width of these nanotubes 
varies from 50-150 nm and the thickness of the wall is about 3.5-5 nm. The contrast in the 
TEM image also shows the sealed cap of the SnO2 nunotube. Shown in  Figure 6-2(b) is a 
HRTEM image taken near the edge of the same SnO2 nanotube, together with an insert of 
the corresponding selected-area electron diffraction (SAED) pattern, indicating that each 








peripheral surfaces were determined to be {110} planes and the tubular crystals grew along 
the [110] direction. 
A systematic study of synthesis variables showed that lateral size of the as-synthesized 
SnO2 tubes depends critically on synthesis temperature. Shown in Figure 6-3 are micrographs 
of SnO2 tube arrays grown at different temperatures (850 to1150°C). While the microscopic 
features remained similar (e.g. square shape), the cross-sectional dimensions of the SnO2 
tubes increased exponentially with the temperature at which they were grown, as implied by 
the Arrhenius plot shown in Figure 6-4. The activation energy for tube growth is estimated to 
be about 1.01 eV (96.9 KJ/mol).  Quantitative microscopy indicated that the average cross-
sectional widths were 50, 100, 200, and 450 nm for the SnO2 tubes synthesized at 850, 950, 
1050, and 1150°C, respectively. It is worth to mention that although the SnO2 tubes 
synthesized at higher temperatures were sub-micron in cross-sectional dimension, the wall 
thickness is still in the nanometer range, varied from 3.5 to 50 nm. 
Figure 6-5 shows an EDX spectrum, an XRD pattern, and a Raman spectrum of SnO2 
tube arrays synthesized at 1050°C.  The EDX spectrum shown in Figure 6-5(a) suggests that 
the product consists of pure Sn element since oxygen is not detectable to the EDX 
attachment. The small Si peak came from the underneath quartz substrate. The XRD pattern 
shown in Figure 6-5(b) indicates that the as-synthesized product has a Rutile structure. Peak 
intensities and locations match JCPDS card 41-1445. Further, high-resolution TEM 
(HRTEM) imaging in adjunction with corresponding selected area electron diffraction 
(SAED) patterns confirm that each SnO2 tube is a single crystal with lattice constants of a = 
3.26 Å and c = 3.16 Å. The four peripheral surfaces were determined to be + planes and the 




























Figure 6-3 SEM micrographs of vertically oriented SnO2 tubes synthesized at different 






































Figure 6-4 An Arrhenius plot showing the dependence of cross-sectional width of as-






















































Figure 6-5 (a) an EDX spectrum. (b) an XRD pattern. and (c) a Raman spectrum of SnO2 










The Raman spectrum shown in Figure 6-5(c) further confirms the Rutile structure of 
the as-synthesized SnO2. Further, three normal phonon modes, Eg, A1g, and B2g, which 
usually appear in large single crystals or bulk polycrystalline SnO2 materials, are detected at 
frequency shift of 472.8, 629.5 and 771.8 cm-1, respectively. These data are in good 
agreement with previous publication. [16] In addition to these classical modes, three abnormal 
Raman lines are observed on the spectrum at the wavenumber of 501.1, 541.9 and 693.9 cm-
1, respectively, which have been detected on Raman spectra of nanobelts[211] and nano-
crystalline particles.[212, 213] Accordingly, these vibration modes can be reasonably assigned to 
A2uTO (501.1 cm-1), A2uLO (693.9 cm-1) IR active, and B1u (541.9 cm-1) Raman forbidden 
modes. It was believed that the presence of IR modes and other forbidden Raman modes was 
attributed to the breaking down of the prevailing q0 = 0 selection rule as the degree of 
disorder increases (reducing crystal symmetry) or as crystal size decreases to nanoscale 
(limiting vibration to the size of the crystal). Another remarkable feature noticed on Raman 
spectrium is that the peak shifts can be found by comparing the data from bulk with those 
from nanostructured SnO2. High-frequency modes, B2g, A2uLO, and A1g, shifted to lower 
frequencies, whereas the low frequency modes, such as B1u, A2uTO, and Eg, shifted to higher 
wavenumbers. This is consistent with the findings reported by others, [212-214] which can be 
explained using phonon dispersion curves.  
In addition to the normal independent nucleation and growth for each SnO2 tubule, 
other growth patterns were also observed for some samples. These growth patterns were 
usually related to prolonged synthesis time or unstable flame.  Shown in Figure 6-6(a) are 
two SnO2 tubules grown coaxially. Figure 6-6(b) shows a smaller tubule grown within a 








SnO2 tubules were found to grow in parallel with a common outer wall (Figure 6-6(c)). In 
some cases, the as-synthesized SnO2 tubules had minute structures as shown in Figure 6-6(d) 
and Figure 6-6(e). Under appropriate conditions, secondary new SnO2 tubules could nucleate 
and grow on the surface of the existing tubes with an angle of approximately 90° as seen in 
Figure 6-6(f). 
As for other 1-D materials, growth of SnO2 nanostructures was usually dominated by 
the vapor-liquid-solid (VLS) mechanism,[206, 215, 216] which is evidenced by the presence of a 
partial metallic particle at the growth tip of each nanostructure, serving as the catalyst and 
active sites for SnO2 vapor adsorption and subsequent precipitation. However, direct vapor-
solid (VS) mechanism was also adopted to explain growth of SnO2 nanostructures through 
thermal evaporation.[210] In our case, evidence is lacking to support VLS model.  First of all, 
no external catalytic material was introduced in the experiment.  Second, the relatively high 
temperature and high oxygen partial pressure involved in the combustion process exclude the 
possibility of liquid tin formation during synthesis. Finally, there were no spherical metallic 
particles found at growth fronts of synthesized nanostructures: each SnO2 tubule either had 
an open end or was enclosed by one flat plane or a cap of multiple facets. Accordingly, 
growth of SnO2 tubule arrays was most likely dominated by the VS mechanism. 
Shown in Figure 6-7 are SEM micrographs of samples capturing different stages of 
growth for a single SnO2 tubule. Figure 6-7(a) shows SnO2 polycrystalline with random 
orientations at early stage of deposition. Grain size appears rather small and uniform. The 
grains with favorable orientations then grow into top caps by Ostwald ripening mechanism 
(Figure 6-7(b)). Figure 6-7(c) and (d) show the growth process of the nucleated SnO2 tubes. 





























Figure 6-6 Various growth patterns of SnO2 tubules: (a) two SnO2 tubules grown coaxially. 
(b) a smaller tubule grown within a larger one with two shared walls. (c) two SnO2 tubes 
grown in parallel with a common outer wall. (d) and (e) SnO2 tubes with minute structures. 








SnO2 vapor phase is originated within the high-temperature flame through direct 
oxidation of tin organic precursor: 
 
2 Sn[OOCCH(C2H5)C4H9]2   +  45 O2  →  2 SnO2  +  32 CO2 + 30 H2O        Equation 6-1 
The generated SnO2 vapor is carried along the flame, followed by nucleation and 
growth under suitable conditions. Condensation occurs as the hot flame carrying SnO2 vapor 
contacts the relatively cold quartz substrate. It is evident that nucleation of SnO2 tube arrays 
does not occur until a layer of SnO2 polycrystalline material with sufficient thickness has 
been accumulated on the quartz substrates, as seen in Figure 6-1(a) and Figure 6-7(a). This 
polycrystalline layer seems to be crucial for both nucleation and subsequent growth of SnO2 
tubes, since it provides not only energetically favorite planes for nucleation of end caps of 
SnO2 tubes, but also pathways for surface diffusion of subsequently condensed vapor species 
to existing SnO2 tubes. As schematically illustrated in Figure 7a, grains are small, uniform in 
size and randomly oriented at this stage. 
Initially, grains of the condensed bulk layer are randomly oriented. As condensation 
continues, grains with energetically favorable crystallographic planes will preferentially grow 
larger and larger, while grains with energetically unfavorable surfaces gradually shrink and 
eventually disappear. This process is similar to Ostwald ripening, leading to grain coarsening 
during heat-treatment of polycrystalline materials. End caps of SnO2 tubes could nucleate on 
these large grains with loosely packed surface planes as shown in Figure 6-8(b). The more 
closely packed {110} crystallographic planes are preferred to be the peripheral surfaces due 
to their relatively low surface energy and slow growth rate, while faster growth is encouraged 





























Figure 6-7 SEM photographs of SnO2 tube captured at different stages of growth: (a) fine 
SnO2 polycrystalline with random orientations. (b) a favorably oriented grain grown into a 




























Figure 6-8 Schematics showing the proposed growth mechanism for SnO2 tube arrays: (a) 
accumulation of a polycrystalline SnO2 layer. (b) nucleation of end caps on the surface of 
larger grains grown by Ostwald ripening. (c) and (d) growth of SnO2 tube arrays by lifting 








Once nucleated, subsequent growth of these SnO2 tubules is apparent. However, it is 
worth to note that surface diffusion should play a crucial role at this stage. As stated before, 
condensation of vapor species mostly occurs on the bottom, bulk layer, where heat can be 
promptly extracted across quartz substrate by conduction as well as convection of cold air on 
the other side of the substrate. The condensed vapor species then diffuse across the surfaces 
of the grains and are incorporated into the bottoms of SnO2 tubules, lifting the tubes up as 
they grew longer. Similar growth mechanism has been identified for the growth of carbon 
nano-tubes. [217] 
Several factors are essential during nucleation and growth of SnO2 tubes, including the 
rate of SnO2 vapor transport, degree of super-saturation, availability of nucleation sites, 
crystallographic orientation, and temperature gradient across substrate. For example, too low 
degree of saturation may result in growth of uniform film as usually occurring in 
conventional CVD process. On the other hand, over-saturation may lead to homogeneous 
nucleation of SnO2 particles within the combustion flame, producing powders of SnO2. 
Similarly, self-alignment of these SnO2 tubules should be attributed to direction of vapor 
transport, crystallographic orientation, and temperature gradient along growth direction. 
Successful growth of SnO2 nano-tubes and box beams are very unique both for 
fundamental understanding of new nanostructures and for creation of novel functional 
devices. One of the attractive features of nano-tubes and these SnO2 tube arrays is that their 
sizes (or cross-sectional widths) are tunable from nano- to micro-scale by adjusting the 
synthesis conditions. In addition, the SnO2 box beams are aligned vertically to the substrate 
surface, which could be critical to fabrication of functional devices. Further, the fabrication 








controlled atmosphere. The box beams can be packed in honeycomb-type arrays, an 
attractive configuration for electrochemical and catalytic applications.  These SnO2 tube 
arrays could be used as the building blocks of or a template for many functional devices, 
particularly those relevant to energy storage and conversion such as nano-batteries, nano-fuel 
cells, and nano-sensors. In fact, these SnO2 nanotube arrays could be used as a sensing 
element for gas sensors, an electrode for lithium batteries, and an n-type semiconductor for 
harvesting solar energy. They can also be used as a template for construction of other nano-
devices such as 3-D batteries and fuel cells. The advantages offered by this unique 
nanostructure include dramatically–accelerated transport of gas/liquid in and out of the box 
beams; significantly-increased active surface areas and increased flexibility in surface 
modification for chemically or biologically selective catalysis, drastically-enhanced transport 
of ionic and electronic defects in the solid state (perpendicular to the wall thickness) due to 
shorter diffusion lengths, radically-increased population of defects at surfaces/interfaces for 
fast electrode kinetics, and quantum interactions at the nano-scale, which are yet to be fully 
exploited.  When used for gas sensing, for example, SnO2 nanotubes could display extremely 
fast response because the internal channel will facilitate fast transport of gas in and out of the 
box beams, the large surface area will enhance the gas-SnO2 interactions, and the small wall 
thickness (3.5 to 5 nm) tend to diminish the time needed for SnO2 to reach a new equilibrium 
when the sample gas is changed, in addition to the quantum confinement effect yet to be 
discovered.  
Figure 6-9(a) shows SEM micrograph of a single SnO2 nanotube sensor fabricated on 
interdigitated Pt electrodes. The isothermal response of the current flowing through the SnO2 








argon and 7.8 v% ethanol vapor in argon. The current increased 60 times as the testing gas 
was switched from argon to the ethanol vapor, implying a change in resistance of the 
nanotube for 60 times. Since SnO2 is an n-type semiconductor, the exposure to ethanol vapor 
will induce additional electrons, thus reducing the resistance of the nanotube.  While the 
concept of a single SnO2 nanotube gas sensor has been demonstrated, the effect of its nano-
dimension on sensitivity, speed of response, and selectivity to different gas species is still 




















                   
 
 
Figure 6-9 A gas sensor based on a single SnO2 nanotube: (a) SEM micrograph of a SnO2 
nanotube sensor. (b) response of the SnO2 nanotube sensor to 7.8 v% ethanol vapor in argon 










In summary, we have successfully synthesized a new nanostrucutre, nanotubes with 
square-shaped or rectangular cross sections, of tin dioxide on quartz substrates using a vapor 
deposition process at 850°C to 1150°C in an open atmosphere. The cross-sectional width of 
the as-synthesized SnO2 tubes was tunable from nano-size to submicro-size, depending 
exponentially on the synthesis temperature. Several characterization techniques revealed each 
tubule was a single crystal with a Rutile structure. Size confinement effect, as studied using 
Raman spectroscopy, was also observed on samples synthesized at lower temperatures. 
The growth mechanism is revealed by interrupting growth of SnO2 tubes at different 
stages. It is believed that the growth of SnO2 tube arrays follows a self-catalyzed, vapor-solid 
(VS) process.  Starting with an end cap, new material condensed from vapor phase was 
incorporated into the bottom parts of the already existing SnO2 tubes, lifting up the entire 
tube during growth. Surface diffusion of the deposited SnO2 along the base layer may play a 
vital role during the growth process. 
The new nanostructure has significant scientific and technological implications. The 
curiosity that these tubules grew into square or rectangular shape rather than circular shape 
(as carbon nanotubes do) may stimulate interesting investigation into the crystallization 
behavior of SnO2 during vapor phase deposition. These size-tunable SnO2 tubules could be 
the building blocks of or a template for fabrication of functional devices. For example, the 
concept of a single SnO2 nanotube gas sensor has been demonstrated. However, the effect of 
nano-dimension on sensitivity, speed of response, and selectivity of a single SnO2 nanotube 









6.2 Ordered ZnO Rods 
 
Zinc oxide (ZnO) is a semiconducting material with a wide direct band gap (3.37 eV) 
and a high excitaon binding energy (60 meV) at room temperature. It has been extensively 
used as high-frequency piezoelectric tranducer, transparent conductor, ultraviolet (UV) light 
emitter, and gas sensor.[218-221] In recent years, researchers have demonstrated that nanoscale 
ZnO has extraordinary optoelectronic properties.[222-224] Many preparative approaches have 
been used to synthesize one-dimensional ZnO such as nanowires/nanorods and nanobelts 
with high purity and crystallinility, including sol-gel,[225, 226] vapor phase transport,[210, 222, 227-
231] pyrolysis, electrodeposition,[232] chemical[233, 234] or physical vapor deposition,[223, 235] and 
hydrothermal processes.[236, 237] Unidirectional growth has been achieved on a verity of 
substrates such as sapphire, silicon, and MgO.[238-241] The major challenge is to guide or 
manipulate the growth directions so that all the nanostructures could be aligned in the same 
direction. Normally, ZnO forms a hexagonal (wurtzite) crystal structure. Different 
compacting densities in different crystallographic facets result in different growth speed in 
the corresponding directions. Generally, the use of templates and catalysts are the two most 
common strategies for the growth of 1-D ZnO nanostructures.  However, cost-intensive 
vacuum facilities, expensive target materials, complicated fabrication procedures, and 
hazardous by-products make it practically prohibitive to synthesize 1-D ZnO material on 
large scale by these approaches. It is desirable to synthesize 1-D ZnO material using readily 
available and less expensive precursors in an easily accessible environment. In this chapter, 








Further, a sensor based on a single ZnO rod demonstrated good ethanol vapor sensing 
properties. 
Combustion CVD is a open-air, versatile, and cost-effective vapor deposition process, 
capable of creating various microstructures, from individual particles to porous or dense 
films, from nanostructures to thick coatings, using relatively inexpensive precursors (i.e. 
metal nitrates).[99, 137] Particularly, square-shaped SnO2 nanotube arrays have been 
successfully synthesized using this method.[130, 242] Here, ZnO rods were grown on silicon 
substrate at 1050°C for 30 minutes.  
ZnO rods were synthesized using a combustion CVD process, which has been recently 
employed to fabricate many novel nanostructures and devices. [99, 130, 137] Precursor solution 
was prepared by dissolving Zinc (II)-2-ethylhexanoate (Aldrich) in absolute ethanol. 
Deposition was carried out at 1050-1200°C for 30 minutes.  
 
6.2.1 Experimental 
The as-grown products were characterized using an X-ray diffractometer (XRD, 
Phillips PW 1800), a scanning electron microscope (SEM, LEO 1530 thermally-assisted 
FEG) equipped with an energy-dispersive x-ray spectroscopy (EDS) attachment, and a 
transmission electron microscope (TEM, JEOL 100CX II).  
Platinum interdigitated electrodes were fabricated on 25.4 mm × 76.2 mm quartz slides. 
Titanium (20 nm in thickness) was deposited by DC sputtering on quartz slides to improve 
the adhesion of platinum electrodes on the substrates. The platinum electrodes were then 
deposited over the thin titanium layer. The patterned platinum electrode stripes are 10 µm 








stripes on each pattern. Approximately 20 patterned electrodes were fabricated on each 
quartz slide, which was cut into individual pieces (4mm×10mm) after fabrication. 
Ethanol sensing tests were conducted in a tube furnace at 400°C using ethanol vapor of 
300 to 1000 ppm. Dry air and air-ethanol vapor mixture was delivered to the furnace via a 
three-way valve at a constant flow rate of 100 sccm. The current flowing through the SnO2 
sensor was measured using a Solartron 1285 potentiostat/Galvanostate interfaced with a PC 
at an applied constant voltage of 100 mV. 
 
6.2.2 Results and Discussion 
Shown in Figure 6-10 are SEM micrographs of ZnO rods synthesized using 
combustion CVD. The as-grown ZnO rods have relatively uniform size and are grown 
upwards, as seen from a top view of ZnO rods synthesized at 1050°C shown in Figure 
6-10(a). The tips of the ZnO rods appear to be hexagonal and have a diameter of about 100-
200 nm, as shown in Figure 6-10(b). The as-synthesized ZnO rods were nearly aligned 
perpendicular to the silicon substrate as shown in Figure 6-10(c). Also noticed on this 
micrograph is that ZnO rods did not directly grow on the underneath silicon substrate. There 
appears to be a layer of ZnO separating ZnO rods and the substrate. Shown in Figure 6-10(d) 
is ZnO rods grown at 1200°C for 30 minutes. The size of ZnO rods increased significantly 
with the temperature of deposition. 
EDS analysis indicates that the product consists of only zinc and oxygen elements in an 
atomic ratio of 1:1. The X-ray diffraction (XRD) pattern shown in Figure 6-11 reveals that 
the as-synthesized ZnO rods has a hexagonal structure (P63mc) with lattice constants of a = 
































Figure 6-10 SEM images of ZnO rods synthesized using combustion CVD. (a) a top-view. 
(b) a higher magnification image showing the hexagonal tips. (c) a cross-sectional view of 
























































Figure 6-11 X-ray diffraction pattern of ZnO rods synthesized at 1050°C using combustion 
CVD, indicating the as-synthesized ZnO rods had a hexagonal structure. 
 
The crystallographic orientation of ZnO rods was determined by TEM analysis. Shown 
in Figure 6-12(a) is a bright field image of a single ZnO rod. The ZnO rod is larger at the 
bottom and smaller at the top with the tip diameter of about 80 nm. The corresponding 
selected area electron diffraction (SAED) pattern as shown in Figure 6-12(b) confirmed that 








the six peripheral surfaces belongs to {11 2 0} planes. The orientation of the ZnO rod was 
















Figure 6-12 (a) TEM bright field image of a single ZnO rod.  (b) The corresponging SAED 
pattern of the ZnO rod reveals [0001] growth direction. 
 
With a Wurtzite structure, the hexagonal ZnO typically has three fast growth 
directions, <2 11 0>, <1010>, and <0001>, corresponding to three low energy crystallographic 








direction is typically under kinetic control of synthesis conditions. For ZnO wire or rod-like 
structures, the growth predominantly follows <0001> orientation, regardless of pre-
introduced catalysts.[234, 238, 243, 244] Lateral surface planes are usually the sets of {2 11 0}or 
{1010} planes, resulting in a hexagonal appearance. <2 11 0> growth direction was observed 
in ZnO nanobelts, where {0001} planes form the two larger peripheral surfaces, while the 
other two {1010} peripheral surfaces grow slowly.[210] 
It has been reported that substrates played an important role on the growth of ZnO 
nanowires. In these cases, specific surface orientations, such as (110) for α-sapphire and 
(111) for MgO single crystal, are preferred since lattice constants of these planes closely 
match some specific crystallographic planes of ZnO.[245] Other researchers found that 
catalysts were vital to the growth of 1-D ZnO structures.[223, 228, 235]  In our case, however, it 
appears that a direct vapor-solid (VS) mechanism is more reasonable based on our 
observations. As can be seen from Fig. 1(c), a dense ZnO layer of about 2 µm thick was 
deposited on Si substrate before ZnO rods nucleate and grow, implying that the type of 
substrate had little effect on the growth of the ZnO rods. This is similar to the growth of 
SnO2 nanotubes using combustion CVD.[130]] Thus, a self-catalyzed model seems to be 
appropriate for the growth of ZnO rods in the present study.  In the initial stage, ZnO vapor is 
condensed on Si substrate, forming a uniform and dense polycrystalline film with random 
orientation. The number of the favorable growth sites increases as deposition continues. 
Simultaneous supplying ZnO vapor and extracting of heat from the backside of the substrate 
lead to one-dimensional growth of ZnO rods on the initially deposited bulk ZnO layer. This 








Shown in Figure 6-13 is a sensor based on a single ZnO rod placed on interdigitated Pt 
electrodes on a quartz substrate. The gas sensing performance of this sensor was evaluated at 
400°C in three ethanol vapor concentrations: 300, 500, and 1000 ppm. Shown in Figure 
6-14(a) is the registered current change at a constant applied dc bias of 100 mV when the 
sample gas was switched from one to another. Before exposure to ethanol, the ZnO rod 
sensor had a resistance of about 10,000 Ω in air at 400°C. When ethanol vapor was 
introduced to the testing chamber, the current passing through the sensor material abruptly 
increased. Then the increase in current slowed down and gradually reached a plateau. The 
recovery process also followed a similar pattern. The speed of recovery was similar to that of 
response. As an example, it took about 90 seconds for the sensor to reach 90% of the full 
response when exposed to 300 ppm ethanol at 400°C. Shown in Figure 6-14(b) are 
sensitivities of the ZnO rod sensor, defined as the ratio of the electrical resistance in air to the 
resistance in testing gas (S = Rair/Rgas). Apparently, the gas concentration dependence of the 
ZnO rod sensor follows a power law. The sensitivities to 300, 500, and 1000 ppm ethanol 
vapor were 1.4, 1.6, and 2.4, respectively. 
 
6.2.3 Summary 
Using a combustion chemical vapor deposition (CVD) method, we synthesized single-
crystal ZnO rod arrays on silicon substrate. The as-synthesized ZnO rods have diameters 
ranging from 50 nm to 300 nm and length up to 10 µm, depending on the temperature of 
deposition. TEM analysis indicates that the ZnO rods grew in the direction of <0001> with 








self-catalyzed mechanism. A single ZnO rod solid-state gas sensor fabricated on an 




















Figure 6-13 A solid-state gas sensor based on a single ZnO rod placed on interdigitated Pt 





































































Figure 6-14 (a) Electrical response of a single ZnO rod sensor to ethanol vapor measured at 








6.3. Two Dimensional ZnO Flakes  
 
Because of its unique properties (e.g., wide direct bandgap of Eg = 3.2 eV, piezoelectric 
and semiconducting behavior), ZnO has found numerous applications, including UV light-
emitters, solar cells, transparent high power electronics, piezoelectric transducers, and gas 
sensors. As one of the earliest discovered and well-established gas sensing oxides,[248] ZnO 
has been extensively studied for the detection of inflammable or toxic gases such as H2, 
C2H5OH, CO and NOx.[249-252] It has been recognized that gas sensors based on 
nanostructured fibrous ZnO exhibited greater sensitivities and faster response than those 
based on their bulk counterparts.[253-255] Similarly a single ZnO nanowire photodetector 
showed several orders of magnitude increase in conductance upon exposure to UV light. 
Development in integrated and smart systems requires a direct integratation of sensor 
elements or sensor arrays with signal processing unit within a single chip to achieve higher 
sensitivity and selectivity. Thus miniaturization of active sensing elements is essential.[256] To 
date, bulk single crystals, 1-D nanostructures, and 0-D nanoparticles of ZnO have been 
synthesized and tested for various applications. It is believed that the high surface to volume 
ratio renders these structures spectacular properties. In this section, a new 2-D ZnO structure, 
single crystal ZnO flakes of 50 nm to 1 µm thick, synthesized using a combustion chemical 
vapor deposition (CVD) process is presented. Further, a tiny gas sensor has been fabricated 
by placing a fraction of a ZnO flake on interdigitated electrodes on a silicon substrate. The 
sensor demonstrated high signal to noise ratio and fast response-recovery to ethanol vapor. 
ZnO has a hexagonal (Wurtzite) crystal structure with a= 3.25 Å and c = 5.12 Å. Each 








crystallographic planes, forming layered structure. Therefore, anisotropic growth is expected 
in several crystallographic directions, including <2 11 0>, <1010>, and <0001>. 1-D ZnO 
nanostructures such as nanowires, nanobelts, and nanorings have been reported in 
literature.[243, 245, 246, 257] Hexagonal ZnO single crystals with {0001} exposure surfaces and  
<2 11 0>, <1010> growth direction, are energetically favored. Large, 2-D structures could 
form in this way.  
 
6.3.1 Experimental 
ZnO single crystal flakes were synthesized using a combustion vapor condensation 
process as described elsewhere.[58, 99, 129, 162] Zinc nitrate (from Aldrich) is dissolved in 
ethanol with a concentration of 0.005 M. The solution is then delivered to an atomizer where 
a fine mist of solution is generated and combusted with the assistance of a small methane 
flame. Si slices (1 cm×1cm) cut from a Si wafer were used as substrates. A type K 
thermocouple is placed in the vicinity of substrate surface to monitor deposition temperature. 
Depositions were performed at 1100°C for 30 min. The as-grown ZnO flakes were 
characterized using a scanning electron microscope (SEM, LEO 1530 Thermally-Assisted 
FEG) with an energy dispersive spectroscopy (EDS) attachment, a transmission electron 
microscope (TEM, JEOL 100C), and an X-ray diffractometer (XRD, Phillips PW-1800). 
The as-synthesized ZnO flakes were scratched into an ethanol bath, and ultrasonically 
dispersed and broken into smaller pieces.  A drop of the suspension was transported to 
patterned Pt electrodes and dried naturally. The dropping process was repeated until a single 
ZnO flake could be observed bridging two electrodes. The sensor was tested in ethanol vapor 








flowing through the ZnO flake was measured using a Solartron 1255 Electrochemical 
Interface at an applied constant voltage of 100 mV.  
 
6.3.2 Results and Discussion 
Shown in Figure 6-15 are some typical morphologies of the as-synthesized ZnO flakes. 
These ZnO flakes were randomly and fairly uniformly distributed on the substrate (Figure 
6-15(a)). An angular view (Figure 6-15(b)) more clearly shows that ZnO flakes are oriented 
upward with respect to the underlying substrate. Higher magnification image (Figure 6-15(c)) 
shows that each ZnO flake has a cactus-like shape with the maximum dimension of 15 to 20 
µm on the top and gradually narrowing down to the bottom. Figure 6-15(d) shows SEM 
micrograph of a single ZnO flake. The thickness of the ZnO flakes can be up to 1 µm as 
shown in Fig. 2d or as thin as 150 to 250 nm  (Figure 6-15(e), (f)). The large surface appears 
to be very smooth while the peripheral surfaces are faceted, showing a hexagonal pattern. 
These features indicate each ZnO flake probably is a single crystal with {0001} flat surface. 
The composition of the as-synthesized product was analyzed by SEM/EDX. As shown 
in Figure 6-16(a), only- Zn was detected. Typical XRD pattern shown in Figure 6-16(b) 
indicates that the product has Wurtzite structure with cell constants of a= 3.25 Å and c = 5.20 



















































Figure 6-16 (a) EDX analysis of the ZnO flakes, and (b) XRD spectra. 
 
 These characteristics were further confirmed by TEM analysis. Shown in Figure 
6-17(a) is a TEM bright field image together with an insert showing the corresponding 
selected area electron diffraction (SAED) pattern, indicating that each ZnO flake is a single 
crystal with Wurtzite structure. The peripheral facets intersecting one another at 
approximately 120°C were identified as {1010} planes. The corresponding zone axis is 


























Figure 6-17 (a) TEM image and the corresponding SAED pattern of a ZnO single crystal 
flake, and (b) A schematic showing the preferential growth orientation. 
 
As a Wurtzite structure, ZnO typically has three fast growth directions, <2 11 0>, 
<1010>, and <0001>, corresponding to three low energy crystallographic planes, {2 11 0}, 
{1010}, and {0001} respectively. Preferential growth in a particular direction is under 
kinetic control of synthesis conditions. For ZnO wire or rod-like structures, the growth 
predominantly follows <0001> orientation, independent of pre-introduced catalysts.[234, 238, 
244-246] In this case, lateral surface planes are sets of {2 11 0} or {1010} planes, resulting in a 
hexagonal appearance. The growth direction of <2 11 0> was observed in ZnO nanobelts 








peripheral surfaces did not grow significantly. In our situation, except the dominating lateral 
{0001} surfaces, all the fast growth fronts were covered by {1010} facets as illustrated in 
Figure 6-17(b). 
The growth mechanism for ZnO single crystal flakes is believed to be similar to the one 
found for SnO2 nanotube arrays synthesized using the same combustion CVD process.[130] A 
simple direct vapor-solid (VS) conversion model can be applied to explain the growth of 
ZnO single crystal flakes. Initially, Zinc (II)-2-ethylhexanoate precursor is decomposed and 
converted into ZnO vapor within the combustion flame. The resulting vapor species is then 
condensed on the relatively cold Si substrate, accumulating to a bulk layer. This stage 
continues for a relatively long period of time since there was no preferential growth of ZnO 
flakes observed under microscope even after 20 minutes of deposition. As condensation 
continues, the grains with energetically or kinetically favorable crystallographic planes will 
grow faster than the others. Once initiated, this preferential growth process will be 
accelerated since the top layer receives more ZnO vapor and also experience higher 
temperature than the layer below. SEM images shown in Figure 6-18 reveal different growth 
stages of ZnO flakes. Under these favorable growing conditions, ZnO single crystal flakes 
expend in two dimensions and gradually grow into cactus-like shape with wider top and 
narrower bottom. Although at a much smaller rate, ZnO vapor received at the root also 
contribute to increase of the height. The same mechanism has been proposed to explain the 
growth of ZnO nanonails, which have large caps and very slim shafts.[258] Close observation 
reveals that each ZnO flake consists of layered structures with each layer in the thickness of 
50 to 250 nm (Figure 6-15(e), Figure 6-18(a), (b)). During deposition, some layers could 








interesting to note in Figure 6-15(f), isolated small hexagonal ZnO layers could nucleate and 
grow on the surface of a larger flake. Nucleation on {0001} polar surfaces could be initiated 





















Figure 6-18 SEM images of ZnO flakes taken at different stages of growth. Synthesis 









The width/thickness ratio of each ZnO single crystal flake ranged from 25 to 100. The 
large specific area of ZnO flakes would dramatically enhance the kinetics of electrochemical 
and catalytic processes. As a demonstration, a gas sensor was fabricated by placing a fraction 
of a ZnO flake onto interdigitatecd Pt electrodes, as shown in Figure 6-19(a). The thickness 
of the ZnO flake is about 200 nm. The sensor was tested at 400°C in ethanol vapor. The 
performance of the ZnO flake sensor is shown in Figure 6-19(b); the sensor responded 
quickly as the gas was switched from air to different concentration of ethanol vapor and 












Figure 6-19 A solid-state gas sensor based a single crystal ZnO flake. (a) SEM micrograph of 
the sensor consisting of a ZnO flake and Pt interdigitated electrodes, and (b) Current 
variation with time under a constant voltage of 100 mV as sample gas was switched from air 










The response and recovery time is defined as the time needed to reach 90% of the full 
response (Rf-R0), where Rf is the full-scale conductance when the sensor is in equilibrium 
with the ethanol vapor and R0 is the baseline conductance when the sensor is in equilibrium 
with air. As shown in insert in Fig. 6b, it took 62 seconds at 400°C for the sensor to respond 
to ethanol vapor (reach 90% of its full response) and approximately the same amount of time 
to recover. The ratio of (Rf-R0)/R0 was 7.8 and 14.3 when the atmosphere was switched from 
air to 300 and 500 ppm ethanol vapor, respectively.  
The gas sensing behavior of a semiconducting oxide can be attributed to both surface 
and bulk interactions, depending on grain size or film thickness.  If grain size or film 
thickness is much larger than the Debye length λD of the material, the bulk interactions will 
dominate the sensor response. On the other hand, if grain size or film thickness is smaller 
than or in the same order of magnitude as λD, surface interactions will dominate the sensor 
behavior.[183, 184]  The large surface to volume ratio and small size of the ZnO flake sample 
suggest that ethanol-ZnO interactions on the surface may play an important role. 
The interactions between ethanol and lattice oxygen in a metal oxide such as ZnO 
produce more electrons and thus increase the conductivity of ZnO (n-type) upon exposure to 
ethanol. The dependence of conductivity on partial pressure of ethanol can be derived from 
these reactions using mass-action law and charge neutrality relations. It is noted, however, 
that these reactions are very general and schematic; ethanol molecules may dissociate to 
other intermediate species before oxidation at ZnO surfaces. However, identification of the 










effort. Investigation into the detailed sensing mechanisms is still underway and will be 
reported in subsequent applications. 
 
6.5.3 Summary 
Using a combustion CVD process, we have successfully synthesized a new two-
dimensional structure, ZnO single crystal flakes. The flakes grew upward from the 
underneath Si substrate. The as-grown ZnO flakes were typically 200 nm thick and 10-20 µm 
wide. Unlike most 1-D ZnO structures with [0001] growth direction, ZnO flakes grow along 
<1010> directions. Gas sensor based on a 200 µm thick ZnO flake exhibited high sensitivity 
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